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SUMMARY
The d e s ig n , c o n s tr u c t io n  and u se  o f  an apparatus fo r  th e  measurem ent 
o f  u l t r a s o n ic  a b so r p tio n  and v e lo c i t y  d is p e r s io n  in  gas m ix tu res  a t  
e le v a te d  tem peratu res i s  d e s c r ib e d . The apparatus was u sed  t o  m easure 
r o t a t io n a l  r e la x a t io n  tim es in  m ix tu res  o f  norm al hydrogen and argon  
a t  2 9 3 , 473 and 673 °K.
The apparatus was cap ab le  o f  o p e r a tio n  a t  tem peratu res from room  
up t o  1000 °K and a t  p r e s su r e s  from one atm osphere down t o  a, 0 .0 1 5  o f  an 
atm osphere. I t  op era ted  a t  a sound freq u en cy  of'v lM H z, g iv in g  a freq u en cy  
to  p r e ssu r e  r a t i o  ( f / p )  o f  betw een 1 and 65 MHz p er  atm osphere.
A v a r ia b le  path  le n g th  tech n iq u e  was em ployed. B u rsts  g a ted  from  
a 1 MHz r e fe r e n c e  s in e  wave were a m p lif ie d  and tr a n s m itte d , v ia  fu s e d  
q u a rtz  b u f fe r  r o d s , through th e  h ea ted  g a s . D e te c t io n  was a c h iev e d  by  
m ixing th e  r e c e iv e d  s ig n a l  w ith  th e  r e fe r e n c e  s ig n a l  in  a P h a s e -S e n s it iv e  
D e te c to r , th e  ou tp u t o f  which was sam pled and averaged  by a Boxcar I n t e ­
g r a to r . The ou tp u t o f  th e  Boxcar I n te g r a to r  was d i g i t i s e d  and record ed  
on punched tap e  fo r  computer a n a ly s is  w h ich , w ith  a know ledge o f  th e  
sound fr e q u e n c y , y ie ld e d  v a lu e s  o f  a b so r p tio n  c o e f f i c i e n t  and v e l o c i t y .
These were p lo t t e d  a s  fu n c t io n s  o f  f / p  w ith  tem perature a s  a p aram eter .
C a lib r a tio n  runs are  d e s c r ib e d . These were perform ed on pure argon t o  
determ ine th e  p r e c is io n  o f  m easurem ents and, by com parison w ith  o th e r  w ork, 
th e  accu racy  o f  r e s u l t s  o b ta in e d . F in a l ly  th e  r e s u l t s  f o r  m ix tu res  o f  
norm al hydrogen and argon are  p r e se n te d  and d is c u s s e d . V alues o f  r o ta ­
t io n a l  r e la x a t io n  tim e and c o l l i s i o n  number fo r  th e se  m ix tu res  a r e  o b ta in e d
)
and compared w ith  a v a i la b le  t h e o r e t ic a l  p r e d ic t io n s .
-  i i  -
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CHAPTER 1
INTRODUCTION
1 .1 .  The A b sorp tion  o f  Sound in  Gases
The 1 c la s s i c a l*  a b so r p tio n  o f  sound in  g a s e s  was f i r s t  in v e s t ig a t e d  
by S tok es 1  and K irch h o ff 2  in  th e  19 th  c e n tu r y . By c o n s id e r in g  o n ly  
th e  e f f e c t s  o f  sh ea r  v i s c o s i t y  and therm al c o n d u c t iv ity  th e y  conclu ded  
t h a t  sound a b so r p tio n  sh o u ld  in c r e a s e  as th e  square o f  th e  sound  
fre q u en cy . E xp erim en ta l work by D u ff 3  a t  th e  turn  o f  th e  cen tu ry  
and A ltb erg  ** and N eklepajew  5  in  th e  f i r s t  decade o f  th e  20th  cen tu ry  
showed th a t  a t  h ig h er  fr e q u e n c ie s  th e  sound a b so r p tio n  was in  f a c t  
g r e a te r  than th e  c l a s s i c a l  v a lu e . I t  was n o t  u n t i l  1 9 2 5 , a f t e r  th e  
advent o f  th e  th erm io n ic  v a lv e ,  th a t  P ie r c e  8  was a b le  t o  o b serv e  th e  
h ig h  freq u en cy  sound a b so r p tio n  and v e lo c i t y  d is p e r s io n  in  CO^  gas  
w ith  h i s  u l t r a s o n ic  in te r fe r o m e te r  and show th e  freq u en cy  dependence  
o f  th e  * ex cess  a b so r p tio n * .
The p o s s i b i l i t y  o f  f i n i t e  tim e d e la y s  in  energy t r a n s f e r  from  
m olecu lar  t r a n s la t io n  t o  v ib r a t io n  and from t r a n s la t io n  t o  r o t a t io n  
had been su g g e s te d  in d ep en d en tly  by L orentz 7 , Boltzmann 8  and R a y le ig h  9  
tow ards th e  end o f  th e  19th  c e n tu ry . But i t  was in  190*f t h a t  Jean s 1 0  
was a b le  to  show t h a t  th e  p r e d ic te d  tim e d e la y  w ould produce an a d d i t io n a l  
a b s o r p t io n . For th e  p a r t ic u la r  m o lecu la r  m odel s tu d ie d  by Jean s th e  
a d d it io n a l  a b so r p tio n  was very  sm a ll  and as a consequence h i s  work was 
la r g e ly  ig n o r ed . In 1928 H er z fe ld  and R ice  1 1  p r e se n te d  s im i la r  b u t  
more g e n e r a l r e la t io n s  than th o se  o f  Jeans which were a b le  to  e x p la in  
th e  r e s u l t s  o f  P ie r c e  and t o  some e x te n t  th o se  o f  N eklepajew  on a i r .
Many more t h e o r e t i c a l  s t u d ie s  fo llo w e d  in c lu d in g  th o se  by B ourgin  1 2 3
-  2 -
and Kneger l l f , th e  l a t t e r  b e in g  b ased  on an e a r l i e r  t r e a t i s e  by- 
E in s te in  1 5  in  w hich he showed th a t  m easurem ents o f  sound v e l o c i t y  
cou ld  be used  t o  d eterm in e th e  r a te  o f  d i s s o c ia t io n  o f  gaseou s N2 0 ^.
The above t h e o r ie s  were b ased  on th e  fo llo w in g  p h y s ic a l  argu­
m ent. C onsider a d ia to m ic  gas in  th erm al e q u ilib r iu m . The en ergy  o f  
each  m o lecu le  i s  d iv id e d  among i t s  a v a i la b le  d eg rees  o f  freed om , 
nam ely th r e e  t r a n s l a t io n a l ,  or  e x t e r n a l ,  modes and th r e e  in t e r n a l  
m odes; r o t a t i o n a l ,  v ib r a t io n a l ,  and e le c t r o n ic  (The e n e r g ie s  in v o lv e d  
in  e le c t r o n ic  e x c i t a t io n s  are much la r g e r  than  in  th e  o th e r  modes and 
need n o t  be c o n s id er e d  in  a c o u s t ic  m easurem en ts). At e q u ilib r iu m  
th e  number o f  m o le c u le s  e x c it e d  t o  any p a r t ic u la r  in t e r n a l  en ergy  
l e v e l  i s  determ ined  by th e  M axwell-Boltzm ann d is t r ib u t io n  and hence  
th e  e q u ilib r iu m  v a lu e  o f  th e  average en ergy  in  in t e r n a l  modes i s  
dependent on th e  tem p era tu re . The en ergy  in  e x te r n a l  modes i s  d i s t r i ­
b u ted  a cco rd in g  t o  th e  e q u ip a r t i t io n  th e o ry  and so  i t  to o  i s  tem pera­
tu r e  d ependent. At e q u ilib r iu m  th e  number o f  m o le c u le s  b e in g  e x c i t e d  
e q u a ls  th e  number r e la x in g  so  th a t  e q u ilib r iu m  i s  m a in ta in ed  however  
lo n g  th e  exchange tim e may b e .
I f  e q u ilib r iu m  i s  sudd en ly  d is tu r b e d  by an in c r e a s e  in  th e  s t a t i c  
tem perature th e  a d d it io n a l  energy goes i n i t i a l l y  in t o  th e  t r a n s l a t io n a l  
m odes. The t r a n s la t io n a l  energy i s  th en  shared  w ith  th e  in t e r n a l  . 
modes d uring  c o l l i s i o n s  so  th a t  th e  en ergy  approaches a new e q u ilib r iu m .  
T r a n s la t io n a l- r o t a t io n a l  energy  exchange i s  very  r a p id , o f  th e  ord er  
o f  1 0 “ 8  secon d s b u t t r a n s la t io n a l - v ib r a t io n a l  energy exchange can ta k e  
s e v e r a l  o rd ers  o f  m agnitude lo n g e r . The tim e taken f o r  th e  number 
o f  m o lecu les  w ith  e n e r g ie s  n o t  in  e q u ilib r iu m  a t  th e  new tem p eratu re  t o  
reduce by th e  f a c t o r  e i s  known as th e  r e la x a t io n  tim e t . The number 
o f  m o lecu lar  c o l l i s i o n s  needed to  e f f e c t  t h i s  r e d is t r ib u t io n  i s  known as
-  3 ~
th e  c o l l i s i o n  number Z which i s  a m easure o f  how e f f i c i e n t  a c o l l i s i o n  
i s  in  t r a n s f e r r in g  en erg y .
Now c o n s id e r  a lo n g it u d in a l  sound wave p ro p a g a tin g  through  th e  
g a s .  The sound wave c r e a te s  a p e r io d ic  in c r e a s e  and d e c r e a se  in  th e  
t r a n s l a t io n a l  energy  and hence th e  e f f e c t i v e  tem perature o f  th e  g a s .
I f  th e  tim e taken  fo r  th e  r e d is t r ib u t io n  o f  energy  i s  lo n g  compared 
w ith  th e  p e r io d  o f  th e  sound wave th e  gas w i l l  alw ays be n ea r  e q u i l i ­
brium . I f  on th e  o th e r  hand th e  r e d is t r ib u t io n  tim e i s  s h o r t  compared 
t o  th e  p e r io d  o f  th e  sound wave l i t t l e  o f  th e  e x tr a  t r a n s la t io n a l  
en ergy  g e t s  in t o  th e  in t e r n a l  modes and so  th e y  aga in  have l i t t l e  
e f f e c t  on th e  sound p ro p a g a tio n . When th e  p e r io d  o f  th e  sound wave 
i s  com parable w ith  th e  r e la x a t io n  t im e , how ever, th e  in t e r n a l  modes 
ga in  en ergy  which i s  l a t e r  r e le a s e d  ou t o f  phase c a u s in g  s i g n i f i c a n t  
a b s o r p t io n . A p l o t  o f  a b so r p tio n  a g a in s t  freq u en cy  shows a maximum 
w hich in  f a c t  o ccu rs when th e  an gu lar  fr e q u en cy , w, e q u a ls  1 / t .
1 ,1 .1 .  Gas M ixtures
C onsider a gas A , c o l l i s i o n s  betw een th e  m o le c u le s  o f  w hich are  
very  i n e f f e c t i v e  a t  in d u c in g  changes in  in t e r n a l  en erg y . T h is gas  
w i l l  have a co m p a ra tiv ely  lo n g  r e la x a t io n  t im e . I f  m o le c u le s  o f  ty p e  
B, w hich are  v ery  e f f i c i e n t  a t  e x c i t in g  or d e - e x c i t in g  th e  in t e r n a l  
modes o f  typ e  A m o le c u le s , are  added t o  th e  ty p e  A g a s , i t  i s  c le a r  
th a t  even a sm a ll  p ro p o r tio n  o f  B m o le c u le s  w i l l  cause a la r g e  red u c­
t io n  in  th e  r e la x a t io n  tim e o f  th e  m ix tu re .
In  th e  e a r ly  1 9 3 0 's  K neser l ^ s * 6 # * 7  and Knudsen 1 8 ,1 9 ,2 0  macje 
m easurem ents on gas m ix tu res b u t a lth o u g h  th ey  were a b le  t o  o b serv e  
r e la x a t io n  e f f e c t s  i t  was n o t u n t i l  1941 th a t  K ohler 2 1 ,2 2  in tr o d u c e d  
a d i f f u s io n  term t o  th e  c l a s s i c a l  a b so r p tio n  e q u a tio n  t o  esq? la in  th e
-  u «
a d d it io n a l  a b so r p tio n  ob served  in  n o n -r e la x in g  m ix tu res  and in  r e la x in g  
m ixtu res  a t  low f r e q u e n c ie s .  R ecent e>q>erimental work by P e t r a l ia  2 3 , 
Holmes and Tem pest 2lf and Law e t  a l ,  has proved th e  v a l i d i t y  o f  
K ohler*s r e la t io n s h ip .
S e v e r a l com prehensive rev iew  a r t i c l e s  have been w r it t e n  c o v e r in g  
ex p e r im en ta l 2 6 ,2 7 ,2 8  an(j t h e o r e t i c a l  29 ,3 0 ,3 1  i n th e  f i e l d  o f
v ib r a t io n  and r o t a t io n a l  r e la x a t io n  in  pure and m ixed g a s e s .  Much 
in fo rm a tio n  on which can a ls o  be found in  t e x t s  by H e r z fe ld  and
J;
L i t o v i t z  3 2 s C o t tr e l l  and McCoubrey 3 3  and B h a tia  
1*2* The Hydrogen System
R o ta t io n a l r e la x a t io n  o f  th e  hydrogen m o lecu le  has r e c e iv e d  much 
a t t e n t io n  in  th e  l a s t  q u a r te r  o f  a cen tu ry  or s o .  E a r ly  e x p e r im en ta l  
work by Rhodes 3 5  and S tew art and S tew art 3 6  showed th a t  r o t a t io n a l  
r e la x a t io n  occu rred  in  nH  ^ a t  room tem perature w ith  an a b so r p tio n  peak  
o cc u r r in g  a t  a freq u en cy  to  p r e ssu r e  r a t i o  o f  about 1 0  MHz p e r  atmo­
sp h e r e . More r e c e n t  low tem perature work on nH2  and pH2  by S l u i j t e r  
e t  a l .  3 7  and on pH2  by Narayana and Woods 3 8  showed th e  in d ep en d en t  
r e la x a t io n  e f f e c t s  o f  th e  o r th o  and para-hydro gen form s w h i l s t  th e  
n e g a t iv e  tem perature dependence o f  th e  u l t r a s o n ic  r o t a t io n a l  r e la x a t io n  
tim e in  nH  ^ was shown by th e  h igh  tem perature work o f  W inter and H i l l  3 9 .
T h is tem perature dependence i s  d is c u s s e d  in  a t h e o r e t i c a l  p ap er  
by R a ff  and W inter who a t t r ib u t e  th e  tem perature dependence t o  th e  
m u lt i le v e l  n a tu re  o f  H2  and con clu d e  t h a t  th e  e x p r e ss io n  R e la x a t io n  
tim e* m ust be used  w ith  ca re  when d is c u s s in g  u l t r a s o n ic  a b so r p tio n  
exp erim en ts on m u lt i le v e l  sy s te m s. Two o th e r  p apers t h a t  d is c u s s  th e  
d i f f i c u l t y  o f  r e la t in g  u l t r a s o n ic  a b so r p tio n  m easurem ents to  m u l t i l e v e l  
r o t a t io n a l  t r a n s i t io n s  are by Gordon lfl and Bauer and B ass ^ w h o  
s u g g e s t  t h a t  in  th e se  c a se s  th e  ex p e r im en ta l a b so r p tio n  d a ta  may b e s t
-  5 -
be used  as a g u id e  t o  w hich a t h e o r e t ic ia n  may f i t  h i s  t r a n s i t io n  
m odel.
Amongst th e  many t h e o r e t i c a l  trea tm en ts  o f  th e  r o t a t io n a l ly  
r e la x in g  hydrogen m o lecu le  have been  th e  quantum m ech an ica l t r e a t ­
ment o f  Takayanagi 1+3 and th e  c l a s s i c a l  trea tm en t o f  S l u i j t e r  e t  a l .  ***** 
In form ation  on th e  hydrogen m o lecu le  can a l s o  be drawn from papers on 
g e n e r a l r e la x in g  d ia to m ic  m o le c u le s  am ongst which are  th e  c l a s s i c a l  
trea tm en ts  o f  P arker **5 , Berend and Benson **6  and r e c e n t ly  L ordi and 
Mates **7  who employ a Monte C arlo approach .
L ess work has been  done on H ^-noble gas m ix tu res how ever and 
even  l e s s  on th e  nH^-Ar sy stem  in v e s t ig a t e d  h e r e . A com prehensive  
s tu d y  o f  th e  low tem peratu re (T<100°K) b eh av iou r  o f  pH2 -n o b le  gas  
m ix tu r e s , in c lu d in g  pH^-Ar was undertaken by Jonkman e t  a l*  
which showed a l in e a r  r e la t io n s h ip  betw een r e la x a t io n  tim e and m ixtu re  
c o n c e n tr a t io n  and a pH2-Ar r e la x a t io n  tim e th a t  in c r e a s e d  w ith  T 
w h i l s t  th e  pH  ^ r e la x a t io n  tim e d ecrea sed  w ith  T. V a lle y  and Amine 5 1  s 5 2  
s tu d ie d  pH2-n o b le  gas m ix tu res  a t  room tem perature and a n a ly sed  t h e i r  
d ata  f o r  two r e la x a t io n  tim es  both  o f  which behaved l in e a r ly  w ith  
m ixture c o n c e n tr a t io n . They a l s o  s tu d ie d  nH2~He a t  room tem peratu re  
w hich showed a marked d i f f e r e n c e  in  b eh a v io u r  t o  t h a t  o f  pH2 ~He.
There are a number o f  t h e o r e t i c a l  papers c o v e r in g  H2~n ob le  gas  
m ix tu r e s . P e d ersen , Gammon and H oskins 5 3  perform  a c l a s s i c a l  c a lc u la ­
t io n  f o r  th e  nH2~Ar system  and make p r e d ic t io n s  f o r  Z ^ up t o  1000°K . 
Jonkman e t  a l .  5 0  perform  a se m i-q u a n ta l c a lc u la t io n  f o r  low  tem pera­
tu r e  pH2-Ar m ix tu res w h i l s t  Agrawal and Saksena 5 IS 5 5  t r e a t  th e  problem  
quantum m ec h a n ic a lly  and make p r e d ic t io n s  up t o  300°K. Both P ed ersen  
e t  a l .  and Agrawal and Saksena p r e d ic t  a minimum in  th e  r o t a t io n a l  
c o l l i s i o n  number, Z , in  th e  h ig h  tem perature r e g io n ,  b u t th e r e  i s
no p u b lish e d  ex p e r im en ta l d a ta  a v a i la b le  fo r  t h i s  r e g io n .
1 .3 .  Aims o f  P r e se n t  V7ork and D e s c r ip t io n  o f  Remainder o f  T h es is
The aim o f  t h i s  work was to  d e s ig n  and c o n s tr u c t  an apparatus  
cap ab le  o f  making m ean in gfu l m easurem ents o f  m o lecu la r  r e la x a t io n s  
w ith  tim e c o n s ta n ts  in  th e  r e g io n  o f  1 0 “ 8  secon d s in  pure g a se s  or  
gas m ix tu res  a t  tem p eratu res from room up t o  1000°K S and t o  t e s t  t h i s  
apparatus on a p a r t ic u la r  gas m ix tu re . The upper tem peratu re l i m i t  
i s  s u f f i c i e n t l y  h ig h  th a t  fu tu r e  d ata  taken  in  th a t  r e g io n  sh o u ld  
o v e r la p  w ith  d ata  from shock tube exp er im en ts b e in g  perform ed e l s e ­
w here. As a t e s t  o f  th e  apparatus m easurem ents were made on nH2-Ar  
m ixtu res a t  tem p eratu res up to  673°K. T h is t h e s i s  d is c u s s e s  th e  d e s ig n  
and c o n s tr u c t io n  o f  th e  apparatus and p r e s e n ts  th e  r e s u l t s  o b ta in e d
f o r  nH -Ar m ix tu r e s .2
The n e c e ssa r y  th e o ry  fo r  u n d erstan d in g  th e  ex p e r im en ta l r e s u l t s  
and t h e ir  trea tm en t i s  p r e se n te d  in  ch a p ter  2 . I t  s t a r t s  w ith  th e  
d e f in i t io n  o f  r e la x a t io n  tim e and c o l l i s i o n  number and th en  p ro ceed s  to  
o b ta in  th e  r e la t io n s h ip s  govern in g  v e lo c i t y  d is p e r s io n  and m o le c u la r  
a b so r p tio n . A fte r  a s e c t io n  d e s c r ib in g  th e  a p p l ic a t io n  o f  th e s e  
r e la t io n s h ip s  to  m ix tu res  th e  ch ap ter  c lo s e s  w ith  a b r i e f  d is c u s s io n  
o f  r o t a t io n a l - t r a n s la t io n a l  en ergy  t r a n s f e r .
A d e t a i le d  d e s c r ip t io n  o f  th e  v a r io u s  p a r ts  o f  th e  e x p e r im en ta l  
apparatus i s  g iv en  in  ch a p ter  3 p r io r  t o  a d is c u s s io n  in  ch a p ter  4 o f  
th e  c r i t e r i a  a p p lie d  d u rin g  i t s  d e s ig n . Chapter 5 c o n ta in s  a  specim en  
o f  th e  procedure em ployed p r io r  t o , d u rin g  and a f t e r  an e x p e r im e n ta l  
run.
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The c a p a b i l i t i e s  o f  th e  apparatus were e x p lo red  by ta k in g  
m easurem ents on pure argon and comparing them w ith  o th e r  work. These  
c a l ib r a t io n  r e s u l t s  are  p r e se n te d  in  ch ap ter  6 .
In  ch a p ter  7 th e  a p p l ic a t io n  o f  th e  th eo ry  t o  atom -diatom  
m ix tu res  and th e  method used  t o  e x t r a c t  th e  r e la x a t io n  t im es  from th e  
e x p er im en ta l d a ta  are  d is c u s s e d  b e fo r e  p r e s e n ta t io n  o f  th e  r e s u l t s  fo r  
nH^-Ar m ix tu r e s . Some com parisons are  made betw een th e s e  r e s u l t s  and 
p r e v io u s  t h e o r e t i c a l  and e x p e r im en ta l s t u d ie s  and th e  a p p l i c a b i l i t y  
o f  th e  t h e o r e t ic a l  methods a p p lie d  h ere t o  m u lt i le v e l  sy stem s i s  
d is c u s s e d .
The f i r s t  appendix c o n ta in s  a d e t a i le d  d e s c r ip t io n  o f  how th e  
c l a s s i c a l  a b so r p tio n  f o r  a  m ixtu re  i s  o b ta in e d . The secon d  c o n ta in s  
l i s t i n g s  o f  th e  computer programs em ployed d uring  th e  in v e s t ig a t io n  
and th e  t h ir d ,  c i r c u i t  diagram s o f  purpose b u i l t  e l e c t r o n i c s .  The 
f i n a l  append ix c o n ta in s  a paper d e s c r ib in g  a fu r th e r  p ie c e  o f  purpose  
b u i l t  e l e c t r o n i c s .
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CHAPTER 2
DEFINITION OF TERMS AND THEORY OF RELAXATION
2 .1 .  R e la x a tio n  Time and C o l l i s io n  Number
For a system  w ith  two energy  l e v e l s ,  f o r  example a d ia to m ic
gas w ith  one e x c it e d  in t e r n a l  d egree  o f  freedom , th e  r e la x a t io n
!
tim e t i s  g iv e n  by
-  f  = 7  (E -  E (V >  2 - 1 - 1
where E i s  th e  in s ta n ta n e o u s  energy  o f  th e  e x c it e d  in t e r n a l  mode
and E(Tt r ) th e  energy i t  would have in  e q u ilib r iu m  w ith  th e  t r a n s ­
l a t i o n a l  d egree  o f  freedom  a t  tem peratu re T ^  ( f o r  a d e r iv a t io n  
o f  2 .1 - 1  s e e  H er z fe ld  and L i t o v i t z 2(1 9 5 9 ) s e c t io n  1 9 ) .  In t h i s  
two s t a t e  c a se  th e r e  i s  a s in g le  d e f in e d  r e la x a t io n  tim e t ;  however 
in  g e n e r a l th e r e  i s  a r a t e  eq u a tio n  such as 2 . 1 - 1  fo r  each  p o s s ib le  
t r a n s i t i o n .  In th e  c a se  o f  r o t a t io n a l  r e la x a t io n  th e r e  a re  many 
e x c i t e d  l e v e l s  and th e  ob served  r e la x a t io n  tim e i s  some average  o f  
th e  r e la x a t io n  t im es  fo r  each  t r a n s i t io n .
The o n ly  mechanism f o r  th e  t r a n s f e r  o f  energy  betw een in t e r n a l
and t r a n s la t io n a l  modes i s  m o lecu la r  c o l l i s i o n s .  The average
number o f  c o l l i s i o n s  r e q u ire d  to  red u ce  th e  e x c e s s  en ergy  o f  an
in t e r n a l  d egree  o f  freedom  over i t s  e q u ilib r iu m  v a lu e  by a f a c t o r
e ” ' 1  i s  c a l l e d  th e  ’’c o l l i s i o n  number” , z .  I f  th e  tim e betw een
c o l l i s i o n s  i s  t , th en  c
z  = t / t 2 . 1 - 2c
For an i d e a l  gas th e  c o l l i s i o n  freq u en cy  i s  d i r e c t ly  p r o p o r t io n a l  
t o  th e  p r e s su r e  so  th a t  P~*. Z however i s  in d ep en d en t o f
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p r e ssu r e  s in c e  th e  e f f i c i e n c y  o f  a c o l l i s i o n  depends o n ly  on th e  
r e la t iv e  v e lo c i t y  and d is ta n c e  o f  c l o s e s t  approach o f  th e  c o l l id in g  
m olecu les*  Thus th e  r e la x a t io n  tim e i s  in v e r s e ly  p r o p o r t io n a l t o  
th e  p r e s s u r e , and th e  p roduct urr, w hich appears in  th e  r e la t io n ­
s h ip s  r e p r e s e n t in g  b oth  a b so r p tio n  and d is p e r s io n ,  may be in c r e a s e d  
by e i t h e r  r ed u c in g  th e  p r e s su r e  or  in c r e a s in g  th e  fre q u en cy . T his  
i s  o f  g r e a t  im portance e x p e r im e n ta lly  s in c e  i t  i s  much e a s ie r  to  
c o n tin u o u s ly  vary th e  p r e s su r e  o f  a system  than i t  i s  t o  vary  th e  
freq u en cy . As a r e s u l t  a b so r p tio n  and d is p e r s io n  are  u s u a l ly  
p lo t t e d  a s  fu n c t io n s  o f  th e  freq u en cy  to  p r e s su r e  r a t io  f / p ;  
u s u a l ly  r e la t iv e  t o  one atm osphere.
2 .2 .  Ve l o c i t y  D isp e r s io n  and E f f e c t iv e  S p e c i f i c  Heat
In a monatomic gas th e  phase v e lo c i t y  o f  a low freq u en cy  
s in e  wave i s  g iv en  by
= 1 — . 2 . 2 - 1M
where R i s  th e  u n iv e r s a l  gas c o n s ta n t , T th e  a b s o lu te  tem p era tu re ,
M th e  m o lecu la r  w e ig h t  o f  th e  gas and y th e  r a t i o  o f  s p e c i f i c  
h e a ts  Qp/Cy. For an i d e a l  monatomic gas 2 . 2 - 1  can be r e w r it t e n  as
* * ■ ?
i + f
v
2 . 2-2
where i s  th e  t r a n s la t io n a l  s p e c i f i c  h e a t .  T his eq u a tio n  i s  v a l id  
fo r  d ia to m ic  g a se s  p ro v id ed  Cy i s  expanded t o  in c lu d e  c o n tr ib u t io n s  
from in t e r n a l  d eg rees  o f  freedom  i . e .
Cv = Cv ( t r a n s . )  + Cv ( r o t . )  + Cv ( v i b . )  2 .2 - 3
where Cv ( t r a n s . ) ,  Cv ( r o t . ) ,  and Cv ( v i b . )  are th e  t r a n s l a t io n a l ,  
r o t a t io n a l  and v ib r a t io n a l  s p e c i f i c  h e a ts  r e s p e c t iv e ly .
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I f  th e  p e r io d  o f  th e  wave i s  g r a d u a lly  d ecrea sed  ( o r ,  a s m entioned  
in  s e c t io n  2 . 1 , th e  f /p  r a t i o  i s  g r a d u a lly  in c r e a s e d  by lo w e r in g  th e  
p r e ssu r e )  a p o in t  i s  reach ed  a t  w hich en ergy  cannot be t r a n s fe r r e d  
in to  and o u t o f  th e  v ib r a t io n a l  inodes r a p id ly  enough t o  m ain ta in  
e q u ilib r iu m  and th e  c o n tr ib u t io n  o f  Cv ( v i b . )  w i l l  d isa p p e a r . I f  th e  
v e lo c i t y  i s  p lo t t e d  as a fu n c tio n  o f  th e  f /p  r a t i o  in  t h i s  r e g io n  
an i n f l e c t i o n  w i l l  be o b serv ed  ( v ib r a t io n a l  d i s p e r s io n ) .  The p e r io d  
a t  th e  p o in t  o f  i n f l e c t i o n  i s  a  m easure o f  th e  v ib r a t io n a l  r e la x a ­
t io n  t im e . I f  th e  p e r io d  i s  d ecrea sed  s t i l l  fu r th e r  a p o in t  i s  
reach ed  where energy cannot be t r a n s fe r r e d  in t o  and o u t o f  r o t a t io n a l  
modes r a p id ly  enough and Cv ( r o t . )  w i l l  d isa p p ea r  c a u s in g  an oth er  
i n f l e c t i o n  in  th e  v v s .  f /p  p lo t  ( r o t a t io n a l  d is p e r s io n ) .  F ortuna­
t e l y  f o r  th e  e x p e r im e n ta l is t  th e  v ib r a t io n a l  r e la x a t io n  tim e i s  
very  much lo n g e r  than  i t s  r o t a t io n a l  c o u n terp a rt and as a consequence  
he can be su re  th a t  an ob served  r o t a t io n a l  d is p e r s io n  w i l l  have no  
c o n tr ib u t io n  from v ib r a t io n ,  and v ic e - v e r s a .
I f  TT and C1 are th e  tem perature and s p e c i f i c  h e a t  r e s p e c t i ­
v e ly  o f  th e  r e la x in g  degree o f  freedom , an e f f e c t i v e  s p e c i f i c  h e a t  
can be d e f in e d  (H e r z fe ld  and L i t o v i t z *(1959 s e c t io n  11)
(C ) «  = C + C’ 2 .2 - 4v ' e f f  v  dT.t r
where Cv  i s  th e  s p e c i f i c  h e a t  o f  th e  e x te r n a l  d eg rees  o f  freedom .
Cv  + CT = ( ^ ( s t a t i c ) .  I f  T f i s  c lo s e  t o  and using th e .fa c t
th a t  dE = dT!Cf we have from eq u a tio n  2 .1 - 1 .
2 - 2 ' 5
Now c o n s id e r  a s in u s o id a l  lo n g it u d in a l  wave o f  a n gu lar  freq u en cy  w 
p ro p a g a tin g  through th e  tw o -s ta te  gas under c o n s id e r a t io n . The
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sound wave w i l l  ca u se  a p e r io d ic  v a r ia t io n  in  th e  tem peratu re o f  
th e  in t e r n a l  mode
T* = A e 1Wt 2 .2 - 6
s u b s t i t u t in g  t h i s  in t o  2 .2 -5  and d i f f e r e n t i a t i n g  w ith  r e s p e c t  to  
th e  t r a n s la t io n a l  tem perature g iv e s
dTf _ 1
dT. “ 1+iwT t r
and 2 .2 - 4  becomes
2 .2 - 7
(C ) — = C + ~ —  = C -  2 .2 - 8v ' e f f  v ltlW T V 1+1WT
lik e w is e
(C ) = C + ~ —  = C -  2 .2 -8 *p e f f  p 1+iwt p 1+ltoT
a t  low fr e q u e n c ie s  (w •> 0 ) th e  e f f e c t i v e  s p e c i f i c  h ea t i s  th e  sum 
o f  th e  in t e r n a l  and e x te r n a l  s p e c i f i c  h e a t s ,  e q u a l t o  th e  s t a t i c  
s p e c i f i c  h e a t .  A t h igh  fr e q u e n c ie s  (w « )  th e  e f f e c t i v e  s p e c i f i c
h e a t  i s  s im p ly  th e  t r a n s la t io n a l  s p e c i f i c  h e a t .
S o lv in g  th e  wave eq u a tio n  w ith  an e x tr a  a b so r p tio n  «mo*^ due 
t o  r e la x a t io n  (assum ed a d d it iv e  w ith  th e  a b so r p tio n  from sh ea r  
v i s c o s i t y  and therm al c o n d u c t iv ity )  le a d s  t o  a com plex v e l o c i t y  v*  
g iv e n  by
1  1  i a mol « „ «- tp  ----------------  2 .2 - 9v* v w
A r e la t io n  f o r  v* may be o b ta in ed  by s u b s t i t u t in g  2 .2 - 8  in to  2 .2 - 2 .  
M u ltip ly in g  both  s id e s  c f  2 .2 - 9  by th e  low freq u en cy  v e l o c i t y  v Q
and sq u a r in g , l e a d s ,  a f t e r  s u b s t i t u t io n  o f  v a lu e s  f o r  v* and v Q 
(from  2 . 2 - 2 ) and th e  e x tr a c t io n  o f  th e  r e a l  p a r t ,  t o
(C -c ) c f (a)T(Cv - C * ) / C v ) 2
1+ (« t (Cv-C »)/C v ) 2j
2.2-10
a 2  . v . 2  v 2  m ol 0  _  oth e  assum ption  i s  made in  th e  above t h a t     ■■■ — «  —  ( s e e
H e r z fe ld  and L i t o v i t z  (1 9 5 9 ) s e c .  12 p . 6 4 ) .
w2  v 2
F igu re 2 . 1  shows th e  s in g le  r e la x a t io n  curve d e sc r ib e d  by
2 .2 - 1 0 .  The p o in t  o f  i n f l e c t i o n  occu rs a t  w = u = t"1 . Fromm
eq u a tio n  2 . 2 - 1 0  i t  can be se e n  t h a t  th e  la r g e r  th e  r e la x in g  s p e c i f i c  
h e a t ,  C’ , th e  la r g e r  th e  s te p  in  th e  d is p e r s io n  cu rv e .
2 . 2 - 1 0  r e p r e s e n ts  an i d e a l  g a s ;  c o r r e c t io n s  fo r  a r e a l  gas  
can be computed from more r e a l i s t i c  eq u a tio n s  o f  s t a t e  (H e r z fe ld  and 
L i t o v i t z  (1 9 5 9 ) S e c . 35 p . 1 8 8 ) . However, th e s e  c o r r e c t io n s  are  sm a ll  
fo r  th e  g a se s  concerned h ere  and w i l l  be n e g le c t e d .
2 .3 .  A b sorp tion  o f  dound in  G ases
The a b so r p tio n  o f  energy from a sound wave p r o p a g a tin g  through  
a pure gas i s  a t t r ib u t a b le  t o  th r e e  m echanism s; v i s c o s i t y ,  th erm al 
c o n d u c t iv ity  and m o lecu lar  p r o c e s s e s .  The f i r s t  two a re  d e sc r ib e d  as  
’ c l a s s i c a l '  s in c e  th ey  were f i r s t  in v e s t ig a t e d  in  th e  l a s t  c e n tu r y .  
The e f f e c t  o f  v i s c o s i t y  was f i r s t  c a lc u la t e d  by S to k es (1 8 4 5 ) 1 and  
th a t  o f  h e a t con d u ction  by K ir c h h o ff  (1 8 6 8 ) 2 . The a b so r p tio n  due to  
v i s c o s i t y  i s  g iv en  by
mIn U)
S i n g l e  Re l a x a t i o n  Curves
Fi qure  2.1
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and th a t  due t o  h e a t  con d u ction  by
: 2 A t r i ) f  2 i 3 . 2
th  PYCV V3
where p i s  th e  d e n s ity  o f  th e  g a s ,  n i t s  sh e a r  v i s c o s i t y  and K i t ss
c o e f f i c i e n t  o f  th erm al c o n d u c t iv ity .  By u s in g  th e  f a c t  t h a t
v 2  = y*Vp 9 where P i s  th e  m acroscop ic  gas p r e s s u r e , th e  t o t a l
" c l a s s i c a l  a b sorp tion "  fo r  a  pure gas can be w r it te n  as
2 ir^
“C la ss  = “ s  + “ th  = W + ^  2 , 3 ‘ 3
A more u s e fu l  and commonly used  param eter i s  th e  a b so r p tio n  p e r  
w avelen gth  * which can be e x p r e sse d  as a fu n c tio n  o f  th e
freq u en cy  to  p r e ssu r e  r a t io
. _ 2 tt2  
aC la ss  ” y 3 ‘s  C |  2 . 3 - 3 f
The above a b so r p tio n  e q u a tio n  i s  e x a c t  fo r  pure monatomic 
g a se s  b u t f o r  p o ly a to m ic  g a se s  th e  ob serv ed  a b so r p tio n  i s  a lw ays  
la r g e r  than th e  c l a s s i c a l  v a lu e . The e x c e s s  i s  a t t r ib u t e d  t o  
m o lecu la r  a b so r p tio n .
M olecu lar a b so rp tio n  occu rs when energy  i s  t r a n s fe r r e d  from  
e x te r n a l  modes t o  in t e r n a l  ones and i s  r e le a s e d  o u t o f  p hase w ith  
th e  sound wave b eca u se  o f  th e  tim e c o n s ta n t  o f  energy t r a n s f e r .  At 
any p o in t  in  th e  gas th e  sound wave i s  se en  as a p e r io d ic  com p ression  
and r a r e fa c t io n  w ith  an a s s o c ia te d  in c r e a s e  and d ec r ea se  in  th e  
t r a n s la t io n a l  en ergy  o f  th e  m o le c u le s . The am plitude o f  th e  sound  
wave i s  p r o p o r t io n a l to  th e  d isp la cem en t o f  th e  t r a n s la t io n a l
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en ergy  from i t s  unperturbed v a lu e . In  th e  two s t a t e  gas m odel 
c o n s id er e d  in  s e c t io n s  2 . 1  and 2 . 2  en ergy  i s  tr a n s fe r r e d  from  
t r a n s la t io n a l  t o  in t e r n a l  modes w henever th e  t r a n s la t io n a l  en ergy  
r i s e s  above i t s  e q u ilib r iu m  v a lu e . I f  a tim e la g  occu rs in  th e  
t r a n s f e r  th e  en ergy  may n o t  r e v e r t  to  t r a n s la t io n a l  en ergy  u n t i l  th e  
r a r e f a c t io n  p a r t  o f  th e  c y c le  when th e  t r a n s la t io n a l  en ergy  i s  
below  i t s  e q u ilib r iu m  v a lu e . Thus th e  m agnitude o f  th e  v a r ia t io n  
o f  th e  t r a n s la t io n a l  energy  about e q u ilib r iu m  i s  reduced  by energy  
b e in g  removed when above e q u ilib r iu m  and pu t back when b e low . T his  
way th e  am plitude o f  th e  wave i s  reduced  and m o lecu la r  a b so r p tio n  
has o ccu rred .
An e x p r e ss io n  f o r  th e  v a r ia t io n  o f  m o lecu la r  a b so r p tio n  w ith  
freq u en cy  can be o b ta in ed  by p erform in g  th e  c a lc u la t io n  used  t o  
o b ta in  2 . 2 - 1 0  but ta k in g  th e  im aginary p a r t .
_ v 2  ( y c v ) c  MT(Cp-C ’ )/C D
“m ol -  " 2  <Cp-C ')C v • 1 +u2 t 2 ( c  . c , ) 2 / c  2  2 ,3 - lt
where X i s  th e  w avelen gth  o f  th e  sound w ave.
The shape o f  th e  m o lecu la r  a b so r p tio n  curve i s  shown in  
f ig u r e  2 .1 .  E quation  2 .3 - 4  shows t h a t  th e  la r g e r  th e  r e la x in g  
s p e c i f i c  h e a t  th e  h ig h e r  th e  p e a k , which c o in c id e s  w ith  th e  i n f l e c t i o n  
o f  th e  d is p e r s io n  curve a t  w = w = t"1 .
I t  i s  u s u a lly  assumed th a t  th e  c l a s s i c a l  a b so r p tio n  and th e  
m olecu lar  a b so r p tio n s  are a d d it iv e  i . e .
^Observed “ a^ ^ C la s s  + a^ ^ m o l  2 .3 -5
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T his i s  e q u iv a le n t  t o  assum ing th a t  th e  v is c o u s  and therm al a b so r p tio n s  
are indep en d en t o f  m o lecu lar  p r o c e s s e s  or th e  r e la x a t io n  t im e . T h is  
i s  n o t  alw ays th e  c a se  and fo r  f / p  r a t i o s  in  e x c e s s  o f  100 MHz/Atm 
some a llo w a n ce  need  be made fo r  th e  freq u en cy  dependence o f  th e  
t r a n sp o r t  c o e f f i c i e n t s  used  in  c a lc u la t in g  CotX>CjLass 5 6 .
2 .4 .  A p p lic a t io n  t o  M ixtures
In a ga s m ixture th e r e  i s  an a d d i t io n a l  ’non-m olecu lar*  
a b so r p tio n  t o  c o n s id e r ;  th a t  due t o  d i f f u s i o n .  The e x p r e ss io n  fo r  
t h i s  term  has been c a lc u la t e d  by K ohler 2 1  and i s  g iv en  f o r  a b in a r y  
m ixture by
_ jVfi + rji A .j2f2
d i f f  ^ 3  I M y  x xx 2)
where x^ , and x 2  are th e  m ole f r a c t io n s  o f  th e  component g a s e s ,  D1 2  
th e  d i f f u s io n  c o e f f i c i e n t ,  Mj and M2  th e  m o lecu la r  w e ig h ts  o f  th e  
h e a v ie r  and l ig h t e r  components r e s p e c t iv e l y ,  M th e  average m o le c u la r  
w eig h t (=  MjXj + M2 X2 ) ,  3^ th e  th erm al d i f f u s io n  r a t i o  and y th e  ratio  
of principal, s p e c i f i c  h e a ts  f o r  th e  m ix tu r e . The t o t a l  c l a s s i c a l  
a b so r p tio n  f o r  a b in a ry  m ixture i s  th en
. _ 2 tr2  
aC la ss  ” y
4 . (y -1 ) „ . y2x1x2PD12 fM2”Ml . y -1  6T 1*o n*. + —i —  K + ------ —------- <— - —  + j---------— -v
3  s  c„ , , 2  I m y  x i  2 )
2 .4 - 2
The v e lo c i t y  in  2 .4 - 2  i s  c a lc u la t e d  from 2 .2 - 1  u s in g  m ixture av era g e  
v a lu e s  o f  y  and M. A d e t a i le d  account o f  th e  c a lc u la t io n  o f  a c la s s  
fo r  th e  m ix tu res in v e s t ig a t e d  i s  g iv en  in  Appendix 1 .
For m ix tu r e s , a s  fo r  pure g a s e s ,  th e  assum ption  i s  made th a t  
o n ly  p a ir s  o f  m o le c u le s  in t e r a c t  and th a t  energy i s  exchanged o n ly  
d u rin g  t h i s  in t e r a c t io n  ( c o l l i s i o n ) .
C on sid er a gas m ixture c o n s is t in g  o f  a q u a n tity  o f  gas B in  a 
volume o f  gas A. I f  th e  exchange o f  en ergy  betw een two A m o le c u le s  
in  c o l l i s i o n  i s  very  i n e f f i c i e n t  ( la r g e  Z ) , w h ile  t h a t  betw een a 
m o lecu le  o f  A and one o f  B i s  very  e f f i c i e n t  ( s m a ll  Z ) , i t  i s  c le a r  
th a t  th e  a d d it io n  o f  even  a s m a ll  q u a n tity  o f  B to  A w i l l  a p p r e c ia b ly  
d ec r ea se  th e  e f f e c t i v e  r e la x a t io n  tim e o f  th e  m ix tu r e , m oving th e  
r e la x a t io n  a b so r p tio n  peak t o  h ig h e r  f /p  v a lu e s , and r ed u c in g  th e  
low freq u en cy  a b so r p t io n . I f  th e  con verse  a p p l ie s  however and th e  
exchange o f  energy  betw een a c o l l id in g  p a ir  o f  A m o lecu les  i s  very  
e f f i c i e n t ,  w h i l s t  th a t  betw een A and B i s  i n e f f i c i e n t ,  a sm a ll  
q u a n tity  o f  B in  A w i l l  n o t  a p p r e c ia b ly  a f f e c t  th e  e f f e c t i v e  r e la x a t io n  
tim e o f  th e  m ixture w hich w i l l  rem ain n ear  t o  th a t  o f  pure A.
L et th e  m ole f r a c t io n  o f  A be 1 -  x ,  and o f  B be x . The t o t a l
p r e ssu r e  o f  th e  m ixture i s  PQ. L et be th e  r e la x a t io n  tim e o f  a 
pure gas o f  A m o le c u le s  a t  p r e s su r e  PQ and t g  th e  r e la x a t io n  tim e  
o f  a pure gas o f  B m o le c u le s  a t  p r e ssu r e  PQ. L et th e  r e la x a t io n  
tim e o f  a s in g le  A m o lecu le  in  an o th e r w ise  pure gas o f  B m o le c u le s  
a t  p r e s su r e  PQ be and th a t  o f  a s in g le  B m o lecu le  in  A,
The number o f  a c t iv e  c o l l i s i o n s  p er  secon d  o f  m o lecu le  A in  th e
. . 1~X xm ixture i s  + —  s in c e  i t  makes o n ly  (1  -  x ) t im es  as many A-A
ta tab
c o l l i s i o n s  a s  i t  w ould have done in  pure A. For m o lecu le  B th e  number
x 1 —xo f  a c t iv e  c o l l i s i o n s  i s  —  + ------  . T his system  may be c o n s id e r e d  as
XB t BA
one gas w ith  two in t e r n a l  d eg rees  o f  freedom  e x c i t e d  in  p a r a l l e l  w ith
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1  _ 1 - x
T 2  TB TBA
2 .4 - 4
Cv = (1  -  x )(C v ) A + x(Cv ) B 2 .4 - 5
C = (1  -  x )(C  ) .  + x(C )_p p A p B 2 . 4 - 5 T
= ( 1  -  x)CA’ 2 .4 - 6
C ? = x C 1 X LB 2 .4 - 7
3ZCp-M)
H er z fe ld  and L i t o v i t z  (1 9 5 9 ) have shown t h a t  f o r  two r e la x a ­
t io n s  o c c u r r in g  in  p a r a l l e l  th e  fo l lo w in g  r e la t io n s h ip s  an alogou s  
t o  2 .2 - 1 0  and 2 .3 - 4  can be w r it te n
and
V2  = V0 2
a . X = mol
<W  f c i
v"C1 t“C2 , > \ 1+
1 + Cp(C
C mw2t t»2 Q t»w2T 112^
- L -  + - L -
1 +U)2 T jM® l+W2 .—^ 1x «i2  J
2 .4 - 8
p?0r  -  .. ( w . . .  fu i" “ T
v l  *  C (C - C . ' - C  ' )  1 ,  2K J p V 1 2  ^1+W T
C^'wTj" C2 ”a)T2”
^ ” 2  l+(i)2 T2 lt2'
2 .4 - 9
(N ote: th e  in v e r s io n  o f  th e  v e lo c i t y  r a t i o  in  2 .4 - 9  w ith  r e s p e c t  
t o  2 .3 - 4  i s  n o t an e r r o r )  w ith
• z ”T2n = ( i -  (Cj* + < y > / c v ) v 2
■s 0 1 o rc  - cV 1 J, v  2
C Ti + cV J L v  '
2 . 10
and
° r + v . s  v  + v
r c i ,+ c z ' i"T " = 1    = -2 r  c>• XT J
W  + C2 (C 1 ’ t 1 +C2 ' t 2 )
2. ^  11
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By th e  s u b s t i t u t io n  o f  th e  v a lu e s  2 .4 - 3  to  2 .4 - 7  in t o  eq u a tio n s
2 . 4 - * 8  t o  2 . 4 - 1 1  th e  t h e o r e t i c a l  cu rv es f o r  v e lo c i t y  d is p e r s io n  and 
m o lecu la r  a b so rp tio n *  a s  fu n c t io n s  o f  an gu lar  freq u en cy  (o r  f / p ) ,  
f o r  a b in a ry  m ixture can be p lo t t e d .
E q uations 2 .4 - 8  and 2 .4 - 9  are s p e c i a l  c a se s  o f  e q u a tio n s  fo r  
n r e la x a t io n s  in  p a r a l l e l  (H e r z fe ld  and L i t o v i t z  (1 9 5 9 ) s e c t io n  2 1 ) .
2 .5 .  O b ta in in g  R e la x a tio n  Times from E xp erim en ta l Data
The eq u a tio n s  p r e se n te d  in  th e  p r e v io u s  s e c t io n s  en a b le  
one t o  o b ta in  n u m erica l v a lu e s  o f  v ib r a t io n a l  o r  r o t a t io n a l  r e la x a ­
t io n  tim es  from th e  measurement o f  sound a b so r p tio n  or  v e lo c i t y  
d is p e r s io n  in  g a s e s .  For s in g le  r e la x a t io n s  t can be found s im p ly  
by d eterm in in g  from a graph such  a s  f ig u r e  2 .1 .  T h is i s  n o t  
p o s s ib le  fo r  m u lt ip le  r e la x a t io n s  however s in c e  more than  one 
r e la x a t io n  tim e may c o n tr ib u te  t o  th e  peak o r  i n f l e c t i o n .  T h is  
work i s  concern ed  w ith  r o t a t io n a l  r e la x a t io n  tim es  in  g a s  m ixtu res*  
These are  m u lt ip le  r e la x a t io n s ,  th e  tim es o f  which are found in  th e  
fo l lo w in g  manner.
The v e lo c i t y  and a b so r p tio n  o f  sound in  th e  m ixtu re  are  
measured a s  fu n c t io n s  o f  th e  f /p  r a t i o ,  then  th e  m o lecu la r  a b so r p tio n  
i s  found from eq u a tio n  2 .3 - 5  by s u b tr a c t in g  th e  c l a s s i c a l  a b s o r p t io n ,  
c a lc u la t e d  from e q u a tio n  2 .4 - 2 ,  from th e  m easured v a lu e . The 
m o lecu la r  (o r  e x c e s s )  a b so r p tio n  v a lu e s  a re  th en  f i t t e d  t o  e q u a tio n s
2 .4 - 8  and 2 .4 -9  (w ith  f / p  w r it t e n  f o r  w) by a l e a s t  sq u ares method 
to  o b ta in  Cj**, C2,f* Tj” and from which th e  r e la x a t io n  t im e s  are  
o b ta in ed  u s in g  e q u a tio n s  2 .4 -1 0  and 2 ,4 - 1 1 .
2 .6 .  R o ta t io n a l-T r a n s la t io n a l  Energy, T ran sfer
V ib r a t io n a l  r e la x a t io n  tim es  have been c a lc u la t e d  t h e o r e t i c a l ly  
f o r  p o ly a to m ic  m o lecu les  b o th  c l a s s i c a l l y  and quantum m ech a n ica lly  
and are in  good agreem ent w ith  ex p e r im en ta l r e s u l t s .  The th e o r e ­
t i c a l  d e r iv a t io n  o f  r o t a t io n a l  r e la x a t io n  tim e s  however i s  n o t  so  
s tr a ig h tfo r w a r d  and many d i f f e r e n t  approaches have been  t r i e d  f o r  
diatom tflf'"lf7and atorn-diatcm  sy s te m s 5 0  »5 3*5 5 . U n lik e  th e  v ib r a t io n a l  c a se  
r o t a t io n a l  energy  l e v e l s  are  n o t  e v e n ly  spaced  and th e  r e tu r n  t o  
e q u ilib r iu m  i s  n o t  e x p o n e n t ia l  w ith  a s in g le  r e la x a t io n  tim e c o n sta n t  
b u t th e  r e s u l t  o f  many t r a n s i t io n s  w ith  d i f f e r e n t  tim e c o n s ta n ts ,  
making th e  d e f in i t io n  o f  a ’’r e la x a t io n  t im e ” a d i f f i c u l t  m atter  
To s im p l if y  m a tters  th e  number o f  r o t a t io n a l  s t a t e s  p o p u la ted  
n eeds t o  be m in im ised . For t h i s  rea so n  th e  m o lecu le  m ost o f te n  
in v e s t ig a t e d  i s  hydrogen.
A d ia to m ic  m o lecu le  may be t r e a te d  as a r ig i d  r o t o r ,  w ith  
energy l e v e l s  g iv e n  by
E =  J (J  + l ) k  9 , 2 .6 - 1r o t  r o t
where
h29 + ~ -----  2 . 6-2
rC t 8 t * »
i s  th e  ’ c h a r a c t e r i s t ic  r o t a t io n a l  tem p era tu re’ . Here k i s  B oltzm ann’ s  
c o n s ta n t , h i s  Planck’s  c o n s ta n t ,  I i s  th e  moment o f  i n e r t i a  and J i s  
th e  r o t a t io n a l  quantum number. In hydrogen th e  sm a ll moment o f  
i n e r t i a  produces a  la r g e  energy  l e v e l  sp a c in g : 6 ^ ^  £  85 . Hydrogen 
has two sp in  iso m ers: Ortho-Hydrogen w hich has n u c le a r  s p in s  p a r a l l e l  
and o n ly  odd r o t a t io n a l  quantum numbers (J  = 1 ,  3 , 5 * . , )  and P a ra -  
Hydrogen w hich has a n t i - p a r a l l e l  n u c le a r  s p in s  and o n ly  even
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r o t a t io n a l  quantum numbers (J  = 0 ,  2 ,  4 . * . { ) *  Normal hydrogen as 
u sed  in  t h i s  in v e s t ig a t io n  c o n s is t s  o f  th r e e  or th o  to  one p a r t  p ara .
In  ord er  to  c a lc u la t e  th e  s p e c i f i c  h e a t  c o n tr ib u t io n  o f  a 
r e la x in g  r o t a t io n a l  degree o f  freedom  one m ust f i r s t  f in d  th e  
p a r t i t io n  fu n c t io n  Q o f  th e  r o t a t io n a l  en ergy  s t a t e s .  For th e  i t h  
r o t a t io n a l  en ergy  l e v e l  Q i s  5 7
The s p e c i f i c  h e a t  i s  then  o b ta in ed  from th e  thermodynamic r e l a t i o n ­
s h ip  5 8
w hich a f t e r  d i f f e r e n t ia t io n  y i e ld s
J = 0 ,  2 9. .* Para  
= 1 ,  3 , . . .  Ortho
, i
< y  = r  (2 J  + i )
i  J
'ro t
fcT
Ortho
and f o r  norm al hydrogen 5 8 2 .6 - 5
c f = — Cf + — c*
2  para  4 orth o 2 . 6-6
i s  th e  t o t a l  c o n tr ib u t io n
T able 7 ,1  shows th e  v a lu e s  o f  O’ , c a lc u la t e d  from e q u a tio n s  2 .6 - 3  
t o  2 .6 - 6  f o r  th e  t r a n s i t io n s  o c c u r r in g  in  n-H2  a t  T = 2 9 3 , 473 and 673°K.
-  22 ~
I t  can be se en  t h a t  a t  m ost te n  p o s s ib le  t r a n s i t io n s  are  in v o lv e d  
in  t h i s  tem perature ra n g e . T h is sh o u ld  be c o n tr a s te d  w ith  oxygen  
f o r  exam ple in  w hich some e ig h ty  p lu s  t r a n s i t io n s  would be in v o lv e d  
b ecau se  o f  th e  s m a lle r  en ergy  l e v e l  sp a c in g . The r o t a t io n a l  en ergy  
l e v e l s  o f  o r th o , norm al and para  hydrogen a lo n g  w ith  oxygen are  
shown in  f ig u r e  2 . 2 .
£
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DESCRIPTION OF THE EXPERIMENTAL APPARATUS
. 3 . 0 .  In tr o d u c tio n
In Chapter Two i t  was shown th a t  th e  r o t a t io n a l  r e la x a t io n  
tim e and i t s  a s s o c ia t e d  c o l l i s i o n  number can be c a lc u la t e d  from a 
knowledge o f  e i t h e r  u l t r a s o n ic  v e lo c i t y  or a b so r p tio n  as fu n c t io n s  
o f  th e  freq u en cy  t o  p r e ssu r e  r a t i o .  An apparatus th a t  w i l l  m easure  
one or b o th  o f  th e se  v a r ia b le s  w i l l  th e r e fo r e  y i e l d  th e  r e la x a t io n  
t im e . There are  two c la s s e s  o f  in stru m en t th a t  can be used  fo r  
t h i s  purpose 3 3 .
F ir s t  i s  th e  u l t r a s o n ic  in te r fe r o m e te r  used  by many e x p e r i ­
m e n t a l is t s 6  s36which c o n s is t s  o f  a sen d in g  tra n sd u cer  and a r e f l e c t o r  
o r  r e c e iv in g  tra n sd u cer  immersed in  th e  t e s t  g a s .  A con tin u o u s  
wave o f  known freq u en cy  i s  tr a n sm itte d  by th e  sen d in g  tra n sd u c er  
and s ta n d in g  waves are  s e t  up betw een i t  and th e  r e f l e c t o r ,  or  
r e c e iv e r ,  whenever th e  p ath  le n g th  i s  an in t e g r a l  number o f  h a l f  
w a v e le n g th s . The w avelen gth  i s  found bv m easuring th e  im pedance o f  
th e  t r a n s m it t e r ,  o r  s ig n a l  s tr e n g th  a t  th e  r e c e iv e r  a s  a fu n c t io n  o f  
th e  p ath  le n g th . As th e  s ta n d in g  wave c o n d it io n  i s  reach ed  th e  
c u r r en t through th e  tr a n s m itte r  or  r e c e iv e r  changes sh a r p ly  and a 
s e r i e s  o f  1 c r e v a s s e s f can be record ed  as th e  p a th  le n g th  i s  a l t e r e d .  
The a b so r p tio n  i s  found b}*- m easuring th e  m agnitude o f  th e s e  d ip s .
The in te r fe r o m e te r  i s  cap ab le  o f  p rod u cin g  very  a c c u r a te  v e l o c i t y  
m easurem ents b u t i f  th e  tr a n s m itte r  and r e f l e c t o r  are n o t  a l ig n e d  
e x a c t ly  p a r a l l e l  th e  accu racy  o f  a b so r p tio n  m easurem ents i s  im p a ired .
The secon d  in stru m en t u t i l i s e s  th e  s o  c a l l e d  7d ir e c t  m ethod 7 
b u t i s  s im i la r  in  c o n s tr u c t io n  t o  th e  f i r s t  (w ith  t r a n s m it te r  and
r e c e iv e r )  th e  d i f f e r e n c e  b e in g  th a t  s ta n d in g  waves are e lim in a te d  
by tr a n s m itt in g  b u r s ts  o f  a known freq u en cy  in s te a d  o f  con tin u ou s  
w aves. The b u r s ts  are  s h o r t  enough t o  be com pleted  b e fo r e  any 
r e f l e c t io n s  from th e  r e c e iv e r  can in t e r f e r e  w ith  them. In t h i s  ca se  
th e  need fo r  e x a c t  p a r a l le l i s m  o f  t r a n sm itte r  and r e c e iv e r  i s  removed 
An in stru m en t o f  t h i s  k in d  has been used  by s e v e r a l  in v e s t ig a t o r s  3 9 » 
The a b so r p tio n  c o e f f i c i e n t  i s  found by sim p ly  m easuring th e  r e c e iv e d  
s ig n a l  s tr e n g th  as a fu n c t io n  o f  th e  path  le n g th . C on sequ en tly  t h i s  
in stru m en t i s  cap ab le  o f  producing p r e c is e  a b so r p tio n  m easurem ents. 
The p r e c is io n  o f  v e lo c i t y  m easurem ents however i s  p oorer  than th a t  
o b ta in a b le  from th e  in te r fe r o m e te r  s in c e  th e  v e lo c i t y  i s  u s u a l ly  
found by a 'tim e  o f  f l i g h t '  m easurement over  a r e s t r i c t e d  path  
l e n g th .
One now has th e  c h o ic e  o f  w hether t o  m easure v e lo c i t y  or  
a b so r p tio n  w ith  p r e c is io n .  I t  has been  shown 6 6  th a t  when m u lt ip le  
r e la x a t io n s  are b e in g  s tu d ie d  i t  i s  b e s t  t o  m easure a b s o r p t io n .  
M u ltip le  r e la x a t io n s  were p r e d ic te d  fo r  th e  m ix tu res  s tu d ie d  in  
t h i s  in v e s t ig a t io n  so  a m o d ified  v e r s io n  o f  th e  secon d  ty p e  o f  
in stru m en ts  w ith  improved v e lo c i t y  m easurem ent, was d e s ig n e d  and 
c o n s tr u c te d .
The apparatus was r e q u ire d  to  o p era te  w ith  gas tem p era tu res  
from room up to  1 0 0 0 °K and w ith  gas p r e s su r e s  from one atm osphere  
down t o  a few hun d red th s. For econom ic rea so n s  a co n tin u o u s f lo w  o f  
gas was n o t  p o s s ib le  ( c . f .  s e c .  4 . 3 ) ,  so  an e n t ir e  d a ta  s e t ,  ( i . e .  
a and v v s .  f / p )  f o r  p r e s su r e s  from maximum to  minimum a t  a f ix e d  
tem p era tu re , was re q u ire d  from a s in g le  charge (^  l j  l i t r e s  a t  
1 a tm .)  o f  g a s . A vacuum t i g h t  chamber was r e q u ire d  th e r e fo r e  w hich  
co u ld  be h ea ted  to  and h e ld  a t  a r e q u ir e d  tem p era tu re , and ev a cu a ted
t o  and h e ld  a t  a r e q u ire d  p r e s s u r e . The h igh  tem peratu res t o  
which th e  apparatus was to  work d ic ta t e d  th a t  th e  u l t r a s o n ic  t r a n s ­
ducers be lo c a te d  o u ts id e  th e  chamber and th e  sound energy t r a n s ­
m itte d  to  th e  t e s t s  zone and ou t ag a in  by fu sed  s i l i c a  b u f fe r  r o d s .  
The a lign m en t o f  th e se  rods had to  be m ain ta in ed  a lo n g  a s in g le  
a x is  and s te a d y  l in e a r  m otion o f  one or b oth  o f  them w ith o u t  l o s s  
o f  v a cu u m -tig h tn ess  was r e q u ir e d . A sch em a tic  diagram o f  th e  
p r o je c te d  apparatus i s  shown in  f ig u r e  3 . 1 .
T h is ch a p ter  c o n ta in s  a d e t a i le d  d e s c r ip t io n  o f  th e  ap p aratu s  
in  i t s  f i n a l  form . The d e s ig n  c r i t e r i a  fo r  i t s  c o n s tr u c t io n  are  
d is c u ss e d  in  ch ap ter  fo u r .
3 . 1 .  The T e s t  Chamber and Alignm ent  System
The t e s t  gas was c o n ta in ed  in  a chamber formed by a s t a i n l e s s
A
s t e e l   ^ tube 680 mm lo n g  which p a ssed  through th e  c e n tr e  o f  a 
h o r iz o n ta l  tube fu r n a c e . The chamber had a bore o f  54 mm and a  
w a ll  th ic k n e s s  o f  4 mm. On each  end o f  th e  tube was s o ld e r e d  a 
copper w ater ja c k e t  and a 114 mm d iam eter s t a i n l e s s  s t e e l  r in g  
f la n g e  w ith  a stan d ard  ’O’ r in g  groove m achined in  i t .
Surrounding th e  fu r n a c e , in  th e  v e r t i c a l  p la n e  c o n ta in in g  th e  
tube a x i s ,  was a very  r ig i d  m ild  s t e e l  bar and 4 ff x 2" unequal 
channel fram e, s e e  f ig u r e  3 . 2 ,  t o  w hich were b o lte d  two s t a i n l e s s  
s t e e l  b u f fe r  rod  a lign m en t su p p o r ts . Each o f  th e s e  was c o n s tr u c te d  
from a 14 mm t h ic k ,  102 mm d iam eter  f la n g e  on to  which was w elded  
a 240 mm lo n g , 35 mm diam eter s t a i n l e s s  s t e e l  tu b e o f  25 mm b o r e ,
A l l  s t a i n l e s s  s t e e l  p a r ts  were o f  typ e  EN 58 B
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s e e  f ig u r e  3 . 3 .  T his c y lin d e r  had a 0 .5 9 6  in ch  d iam eter  c ir c u la r  
k n ife  edge f i t t e d  a t  i t s  open end on which th e  fu sed  s i l i c a  b u f fe r  
rod r e s t e d .  T h is end o f  th e  c y lin d e r  was brought to  a p o in t ,  a s  
shown i n  f ig u r e  3 . 3 ,  t o  e l im in a te  d ir e c t  a c o u s t ic  r e f l e c t i o n s .  The 
f la n g e  had a c e n tr a l  0 .5S6  in ch  cou n ter-su n k  h o le  through w hich th e  
0 .595  in c h  d iam eter  b u f fe r  rod p a ssed  and around which a v i to n  *0f 
r in g  s e a l  was f i t t e d ,  a llo w in g  th e  b u f fe r  rod t o  s l i d e  in  and o u t ,  
w ith o u t l o s s  o f  vacuum t i g h t n e s s , su p p orted  in s id e  th e  t e s t  chamber 
by th e  k n if e  ed g e .
An i n l e t / o u t l e t  p ip e  and a therm ocouple probe p a ssed  through  
each  o f  th e  rod a lign m en t su p p ort end f la n g e s .  A s e t  o f  b r a ss  
b e llo w s  was p a ssed  over  th e  c y lin d e r  and s o ld e r e d  t o  th e  f la n g e  
e n c lo s in g  th e  p ip e  i n l e t  and therm ocouple p r o b e , s e e  f ig u r e  3 . 3 .
To th e  o th e r  end o f  th e  b e llo w s  was s o ld e r e d  a r in g  f la n g e  d e s ig n e d  
to  mate w ith  th e  t e s t  chamber f la n g e .  The a lign m en t su p p o rts  were  
b o lte d  pnto  th e  frame w ith  th r e e  b o l t s  in  such  a way th a t  th e  t e s t  
chamber tube and su p p ort c y lin d e r s  were c o n c e n tr ic .  The th r e e  
b o l t s  a llo w ed  f u l l  ad justm ent o f  th e  a lign m en t su p p o rt a x i s .  The 
b e llo w s  f la n g e s  mated w ith  th e  t e s t  chamber f la n g e s  form ing a vacuum 
t i g h t  r e g io n  betw een th e  two i n l e t / o u t l e t  p ip e s .
B u ffe r  rod  a lign m en t was a c h iev e d  as f o l lo w s .  F i r s t ,  t r a c in g  
paper was s tu ck  over  th e  b u f fe r  rod  e n tr y  h o le s  in  th e  su p p ort f la n g e s .  
A He-Afe la s e r  was th en  used  to  d e f in e  th e  a x is  through th e  t e s t  
chamber so  th a t  an i l lu m in a te d  s p o t  appeared on th e  t r a c in g  paper  
a t  th e  c e n tr e  o f  each  h o le .  The la s e r  was f ix e d  in  t h i s  p o s i ­
t io n .  The t r a c in g  paper was then  removed from su p p ort o n e , s e e  
f ig u r e  3 . 4 ,  and a copper p ip e  300 mm lo n g  and o f  th e  same d iam eter  
as th e  b u f f e r  rod s was la c e d  in  th e  rod e n tr y  h o le .  The
"O
o oo
Q .
Cl
D
CO
LL
cn
cr
CO
cncr
R -E9r O  O  i— 
CO LL
Dl
Figure 3 . 3
Se
ct
io
n 
of
 
A
lig
nm
en
t 
Su
pp
or
t 
C
yl
in
de
rs
 
an
d 
Ch
am
be
r 
En
d
CL
CL
cn
o
CM
CL
CL
I/)
F igu re  3 . ^
7 7   ^/  v s y  ~s~7's
p ip e  was p a in te d  m att b la c k  in s id e  and over  i t s  b lanked  ends t o  
p rev en t r e f l e c t i o n s .  The p ip e  ends had J mm h o le s  d r i l l e d  in  them 
d e f in in g  an a x is  down th e  c e n tr e  o f  th e  p i p e .  The in s e r t io n  o f  th e  
p ip e  cau sed  th e  s p o t  on th e  t r a c in g  paper on supp ort two t o  d isa p p ea r  
and was re tu rn ed  by a d ju s t in g  th e  b o l t s  o f  supp ort one u n t i l  th e  
a x is  o f  th e  p ip e  (and th e r e fo r e  o f  th e  su p p ort c y l in d e r )  la y  
a lo n g  th e  la s e r  beam. Support one was secu red  in  t h i s  p o s i t io n  
by s l ip p in g  shim s betw een th e  f la n g e  and th e  frame and b o l t in g  down.
The copper p ip e  was n e x t  p la c e d  in  su p p ort two and t h i s  was 
a d ju ste d  u n t i l  th e  l a s e r  beam p a ssed  through th e  p ip e  and appeared  
as a s p o t  on a sc r e e n  p la c e d  beyond th e  chamber. Support two was 
th en  t ig h te n e d  up in  th e  same way as su p p ort on e . The su p p ort  
c y lin d e r s  th en  had a common a x is  a lo n g  which th e  b u f fe r  rods would  
move. The a x is  rem ained c o n sta n t  w hatever th e  chamber tem rera tu re  
or p r e ssu r e  s in c e  a l l  chamber movement was taken  up by th e  b e l lo w s .
3.2.- The Furnace and Temperature C o n tro l
The fu rn ace  was a Johnson M atthey typ e  K45A e l e c t r i c  fu rn a ce  
wound w ith  p latinum  -  1 0 % rhodium w i r e ,  th e  w in d in gs b e in g  t o t a l l y  
embedded in  a h ig h  alum ina r e fr a c to r y .  The fu rn ace  had a com bustion  
chamber o f  d iam eter 63 mm and le n g th  5M-5 mm and was d e s ig n ed  f o r  a 
maximum w orking tem perature o f  1623°K. The a x i a l  tem perature  
p r o f i l e  produced by th e  m anufacturers i s  shown in  f ig u r e  3 . 5 .  The 
h o t zone was quoted t o  be c o n sta n t  w ith in  ± 2 % f o r  th e  c e n tr a l  
200 mm o f  th e  fu rn ace  w in d in g s . An exam in ation  o f  sound v e lo c i t y  
in  argon over  th e  c e n tr a l  100 mm showed a v a r ia t io n  o f  o n ly  a, 0.5% 
a t t r ib u t a b le  t o  tem perature v a r ia t io n .  T his improvement over  th e  
quoted f ig u r e  was due in  p a r t  to  th e  sm oothing e f f e c t  o f  th e  
th erm al c o n d u c t iv ity  o f  s t a i n l e s s  s t e e l .
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Tem nerature c o n t r o l  w as. a c h iev e d  by a com b ination  o f  a  
Johnson M atthey "Energy R egu lator"  typ e  15 H2 and a Eurothem typ e  
070 Tem perature c o n t r o l l e r .  The energy r e g u la to r  was s im p ly  a 
v a r ia c  w hich s e t  th e  v o lta g e  a p p lie d  to  th e  fu rn ace  w in d in gs up to  
a maximum o f  110 v o l t s .  A p la tin u m -p la tin u m  13% rhodium therm o­
cou p le  was enbedded in  th e  fu rn a ce  c o i l  w in d in gs and th e  v o lta g e  
g en era ted  by t h i s  was d isp la y e d  on a tem peratu re c a l ib r a te d  m eter  
housed in  th e  r e g u la to r .  By i t s e l f  th e  r e g u la to r  was in c a p a b le  o f  
h o ld in g  a f ix e d  tem perature and so  th e  Eurotherm c o n t r o l l e r  was 
em ployed. The r e g u la to r  was however n e c e ssa r y  b ecau se  o f  th e  
la r g e  tem peratu re c o e f f i c i e n t  o f  r e s i s t a n c e  o f  th e  p la tin u m  w in d in g s . 
At room tem perature th e  r e s i s t a n c e  o f  th e  w in d in gs was low and th e  
cu rren t tak en  a t  1 1 0  v o l t s  was g r e a te r  than  th e  maximum th a t  th e  
Eurotherm c o n t r o l l e r  cou ld  h a n d le .
The Eurotherm was a s o l i d  s t a t e  t h y r is t o r  s w itc h in g  d e v ic e  w ith  
p r o p o r t io n a l band c o n t r o l .  The r e q u ir e d  tem perature was s e t  a g a in s t  
th e  f r o n t  p a n e l tem perature s c a l e .  A p o in te r  in d ic a te d  th e  tem pe­
r a tu r e  a t  th e  s e n s in g  therm ocouple and i f  t h i s  tem peratu re was 
below  th e  s e t  p o in t  cu rren t was a llo w ed  t o  f lo w  through th e  fu rn ace  
w in d in g s . As th e  fu rn ace  tem perature approached a c e r t a in  p rop or­
t io n  c f  th e  s e t  tem peratu re th e  c u r r e n t  p a s s in g  through th e  w in d in gs  
was p r o g r e s s iv e ly  reduced  u n t i l  a t  th e  s e t  tem peratu re i t  was sto p p ed  
c o m p le te ly . The s i z e  o f  th e  p r o p o r t io n a l band ( th e  tem peratu re  
range about th e  s e t  v a lu e ,  in  which a c t iv e  c o n tr o l  i s  e x e r te d )  
was s e t  a t  th e  minimum v a lu e  a t  which tem perature c y c l in g  d id  n o t  
o ccu r .
One o f  th e  two s in g le - j u n c t io n  chrom e1-alum el th erm ocou p les  
w hich p a ssed  through th e  end f la n g e s  was used  fo r  th e  Eurotherm
c o n t r o l l e r  w hich  had a b u i l t  in  com pensated c o ld  ju n c t io n . The 
o th e r  was con n ected  t o  a secon d  ju n c t io n  in  a Dewar f la s k  o f  
m e lt in g  i c e .  The v o lta g e  g en era ted  by th e s e  ju n c tio n s  was a m p lif ie d  
by a c a l ib r a t e d  g a in  D.C. Chopper A m p lif ie r  and d is p la y e d  on a 
d i g i t a l  v o l t  m eter (DVM). The tem peratu re r ea d in g  was o b ta in ed  
from a c a l ib r a t io n  c h a r t . A p o te n tio m e te r  was o r ig in a l ly  used  f o r  
t h i s  purpose b u t i t  proved u n r e l ia b le  and tim e consum ing. C a lib r a ­
t io n  exp erim en ts m easuring th e  v e lo c i t y  o f  sound in  argon showed 
th e  tem perature m easurem ents to  be a c c u r a te  to  ± 3°K over th e  range  
273-473°K  and ± 5°K over  th e  range 473-773°K ( c . f .  s e c .  6 . 2 ) .
The therm ocouple probes were Thermocoax typ e  T7 
en cased  in  t ita n iu m  s t e e l  ja c k e ts  and ca p a b le  o f  norm al o p e r a tio n  
up to  1800°K. They were bonded in t o  th e  f la n g e s  w ith  A r a ld ite  
a f t e r  s o ld e r  j o in t s  had very  q u ic k ly  produced vacuum le a k s  due to  
poor w e t t in g  o f  th e  t ita n iu m  s t e e l .  The therm ocouples were wound 
around th e  su p p ort c y lin d e r s  b e fo r e  p r o je c t in g  in to  th e  c e n t r a l  
zone o f  th e  t e s t  chamber. T h is c o i l in g  was t o  p ro v id e  a s  lo n g  a 
therm al g r a d ie n t  as p o s s ib le  betw een th e  h o t  s e n s in g  end o f  th e  
therm ocouple and th e  co o le d  end f la n g e .  The therm ocoup les were 
braced  a g a in s t  th e  ends o f  th e  su p p ort c y lin d e r s  t o  p r e v e n t  th e  
c o i l s  unw inding a t  h ig h  tem p eratu res and moving th e  probe ends in t o  
the-.Sound’ f i e l d  or a g a in s t  th e  chamber w a l l .
As m entioned in  s e c t io n  3 .1  copper w ater ja c k e ts  were f i t t e d  
t o . t h e  chamber tube to  keep th e  tu b e f la n g e s  c o o l .  They w ere k ep t  
a t  about room tem perature a lth o u g h  th e  prim e purpose o f  th e  w a ter  
ja c k e ts  was to  p r e v e n t th e  s o ld e r  j o i n t s ,  h o ld in g  th e  f la n g e s  o n , 
from m e lt in g . I f  th e  w ater su p p ly  f a i l e d  o r  dropped t o  to o  low  
a p r e s s u r e , a p r e ssu r e  s e n s in g  sw itc h  op era ted  a r e la y ,  c u t t in g  o f f
th e  e l e c t r i c i t y  su p p ly  t o  th e  fu r n a c e . When th e  w ater  su p p ly  
r e tu rn ed  to  norm al th e  e l e c t r i c i t y  su p p ly  rem ained c u t  o f f  u n t i l  
th e  tr ip p e d  r e la y  was r e s e t .
3 . 3 .  Gas H an d lin g , Vacuum System  and P ressu re  Measurement
The gas h a n d lin g  and vacuum system  i s  shown in  sch e m a tic  
form in  f ig u r e  3 . 6 .  I t  was d es ig n ed  to  m eet th r e e  r e q u irem en ts .
( i )  To be e v a c u a b le , w ith  o u tg a s s in g , t o  a p r e ssu re  o f
2 x 10" 5  Torr to  remove a l l  p o s s ib le  contam inants from  
th e  chamber and p ip in g .
( i i )  To a llo w  th e  c o n t r o l le d  i n l e t  o f  two component g a se s  to  
th e  chamber fo r  th e  p ro d u ctio n  o f  a m ixture o f  known 
co m p o sitio n .
( i i i )  To c o n ta in  th e  m ixtu re  in  th e  chamber a t  any r e q u ir e d ,  
m easu rab le , p r e ssu r e  from atm osp h eric  down t o  l e s s  than  
one hundredth o f  an atm osphere w ith o u t c o n ta m in a tio n .
The component p a r ts  were a s  f o l l o w s : -  The r o ta r y  pump was an 
Edwards two s ta g e  ty p e  2S50 f i t t e d  w ith  a phosphorous p e n to x id e  
w ater  vapour t r a p , h av in g  an in t e g r a l  a i r  i n l e t  v a lv e  and an 
Edwards type M6 A P ir a n i  Gauge head a t ta tc h e d . The o i l  vapour  
d if f u s io n  pump was an Edwards typ e 102A, f i t t e d  w ith  a l iq u id  
n itr o g e n  vapour trap  and a one in ch  b a f f l e  v a lv e .  The com bina­
t io n  o f  r o ta r y  and d i f f u s io n  pump was cap ab le  o f  c r e a t in g  a vacuum 
o f  1  x i o ~ 5  T orr. The P enning Gauge was an Edwards typ e  SMF and 
th e  rem ain in g  P ir a n i Gauge an Edwards ty p e  M6 B. The i n l e t  l i n e  
c o ld  tra p  was a r e -e n tr a n t  g la s s  b o t t l e  suspended in  a Dewar f la s k  
w hich was e i t h e r  f i l l e d  w ith  l iq u id - n i t r o g e n  o r  an a lc o h o l  and
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s o l i d  C02  m ix tu re . V a lves V3, V6  and V7 were Edwards m odel LB2B 
18 turn  n e e d le  v a lv e s ,  V4- was a J in ch  Saunders Speedy V a lv e . The 
rem ainder o f  th e  v a lv e s  were \  in ch  Saunders Speedy V a lv e s . The 
in te r c o n n e c t in g  plum bing was o f  |  in ch  Y ork sh ire  copper p ip in g  
j o in t e d  w ith  fSpeed ivac* c o u p lin g s .
3 . 3 . 1 .  E vacuation
To ev a cu a te  th e  §rstem  a l l  v a lv e s  3 w ith  th e  e x c e p tio n  o f  V6 , 
V7, VlD^Vl l  and th e  b a f f l e  v a lv e ,  were opened and th e  r o ta r y  pump 
sw itc h e d  on . V a lves V6  and V7 vxere k e p t c lo s e d  b ecau se  s&ndard 
p r e ssu re  r e g u la to r s  are  n o t  e v a c u a b le . When th e  p r e ssu r e  a t  th e  
P2 0 5  trap  P ir a n i gauge f e l l  below  0 .5  Torr v a lv e  V10 was opened  
and th e  d i f f u s io n  pujnp sw itch ed  on . A p r e ssu r e  sw itc h  and r e la y  
system  en su red  th a t  th e  d i f f u s io n  pump co u ld  n o t  be sw itc h e d  on 
u n le s s  th e  pump c o o lin g  w ater  was f lo w in g  and th e  r o ta r y  pump was 
sw itch ed  on , i f  e i t h e r  o f  th e s e  f a i l e d  th e  d i f f u s io n  pump was 
a u to m a tic a lly  sw itch ed  o f f .  A fte r  15 m inu tes , when th e  d i f f u s io n  
pump had warmed up , V8  was c lo s e d  and th e  b a f f l e  v a lv e  opened.
The system  cou ld  th en  be pumped down t o  2 x 10 " 5  Torr.
For o u tg a s s in g  th e  chamber a t  h igh  tem p eratu res v a lv e s  V I,
V3, V4 and V5 were a d d i t io n a l ly  c lo s e d  and pumping c a r r ie d  o u t  
sim p ly  v ia  V2. For lea k  t e s t s  VI and V2 were c lo s e d  and th e  
p r e ssu r e  in c r e a s e  m onitored  by th e  P ir a n i gauge a t  VO. When th e  
chamber was f i l l e d  w ith  gas VO, VI and V2 were c lo s e d  and pumping 
o f  th e  i n l e t  l in e  c a r r ie d  o u t v ia  th e  b yp ass v a lv e  V5.
When c lo s in g  down th e  vacuum, e i t h e r  w ith  th e  chamber f i l l e d  
w ith  gas or under vacuum, a l l  v a lv e s  e x c e p t  V10 vxere c lo s e d  and th e  
d i f f u s io n  pump sw itch ed  o f f .  The r o ta r y  pump co n tin u ed  t o  back
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th e  d i f f u s io n  pump u n t i l  i t  had c o o le d  down*, V10 was th en  c lo s e d  
to  keep th e  d i f f u s io n  pump under vacuum and th e  r o ta r y  pump sw itc h e d  
o f f .  V alve V l l  was opened b e fo r e  th e  pumps were l e f t  t o  a llo w  a ir  
in to  th e  r o ta r y  pump th u s p r e v e n tin g  th e  pump o i l  from b e in g  fo r c e d  
up in t o  th e  ‘tra P*
3 . 3 . 2 .  Gas I n l e t
Once th e  system  was evacu ated  and th e  chamber o u tg a sse d  th e  
procedure f o r  gas i n l e t  was a s  f o l lo w s .  The chamber was s e a le d  a t  
VI and V2, and v a lv e s  V3, V4 and V5 were reopened to  en su re  th a t  
th e  dead sp ace  in  th e  n e e d le  v a lv e  and th e  r e fe r e n c e  l i n e  o f  th e  
p r e ssu r e  tra n sd u cer  were f u l l y  e v a c u a te d . The c o ld  tra p  was f i l l e d  
w ith  a m ixture o f  dry i c e  and a lc o h o l  a t  a tem peratu re o f  200°K.
V3, VU and V5 were c lo s e d  aga in  when th e  system  p r e ssu r e  was
2  x 10 " 5  Torr and a p r o t e c t iv e  p ersp ex  s h ie ld  was p la c e d  over th e  
g la s s  c o ld  tr a p .
The p r e ssu r e  in  th e  i n l e t  l i n e  was norm ally  above a tm osp h eric  
d u rin g  th e  i n l e t  procedure and i f  t h i s  p r e s su r e  had su d d en ly  r is e n  
f o r  any reason  th e  g la s s  c o ld  t r a p , b e in g  th e  w eak est l i n k ,  w ould  
have exp lod ed ; th e  p ersp ex  s h ie ld  was in te n d ed  to  d ir e c t  th e  b l a s t  
away from th e  O perator.
I t  was e s s e n t i a l  th a t  V*+ was c lo s e d  d u rin g  i n l e t  s in c e  
e x c e s s  p r e ssu r e  in  th e  p r e ssu r e  tra n sd u c er  r e fe r e n c e  l in e  w ould  
have caused  damage t o  th e  tr a n sd u c e r ’s diaphragm .
As m entioned in  s e c t io n  3 . 3 . 1  th e  gas b o t t l e  r e g u la to r s  
cou ld  n o t  be evacu ated  so  th e  p ip in g  betw een V6  and V7 and th e  
r e g u la to r s  had to  be f lu s h e d  b e fo r e  gas co u ld  be l e t  in  t o  th e
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chamber. The l in e  c o n n e c tin g  each  r e g u la to r  to  th e  n e e d le  v a lv e  
was rem oved 9 th e  b o t t l e  op en ed 3 and gas a llo w ed  to  flo w  in t o  th e  
a i r  to  f lu s h  o u t th e  p ip e . The co n n ec tio n  was remade w ith  th e  gas  
s t i l l  f lo w in g  to  f lu s h  o u t th e  d ead -sp ace  o f  th e  n e e d le  v a lv e  
i n l e t .  The p r e ssu r e  a t  both  n e e d le  v a lv e  i n l e t s  was k ep t above 
a tm osp h eric  t o  ensu re  th a t  no contam inant cou ld  lea k  in .
The p r o c e ss  o f  f lu s h in g  th e  p ip e s  9 and k eep in g  p o s i t i v e  p r e s s u r e s  
a t  th e  i n l e t  v a lv e s  a llo w ed  sm a ll  q u a n t i t ie s  o f  gas t o  e sca p e  in t o  
th e  la b o r a to r y i S in ce  one o f  th e  g a se s  in  u se was hydrogen b a s ic  
p r e c a u tio n s  w ere taken to  p r e v e n t e x p lo s io n s :  i . e .  a l l  windows 
were k ep t open d u rin g  ex p e r im en ta l runs and ’No Smoking’ s ig n s  
were p o s te d .
In  th e  n e x t  s ta g e  o f  th e  i n l e t  rroced u re  v a lv e  V6  was opened  
3 or 4 tu rn s  and a l i t t l e  gas was a llo w ed  in t o  th e  i n l e t  l i n e .
V6  was th en  c lo s e d  and V5 opened to  pump o u t th e  i n l e t  l i n e .  T h is  
was done t o  remove any contam inant th a t  may have been trap p ed  in  
n e e d le  v a lv e  V6 . When th e  p r e ssu r e  was below  2  x 10 “ 5  T orr aga in  
V5 was c lo s e d  and V6  reopened 1 tu rn  t o  a llo w  gas to  f lo w  in t o  th e  
i n l e t  l in e  through th e  c o ld  tr a p . VI was opened and V3 opened 1 
tu r n . At t h i s  p o in t  th e  p r e ssu r e  in  th e  chamber s t a r t e d  t o  r i s e ;  
th e  p r e s su r e  b e in g  measured on th e  p r e ssu r e  tra n sd u cer  s e e  s e c t io n
3 . 3 . 3 .  The r a te  o f  gas f lo w  was governed by V6  and V3. The lo n g e r  
th e  i n l e t  tim e th e  more e f f i c i e n t l y  any w ater  vapour in  th e  t e s t  
gas was removed by th e  c o ld  tr a p .
When th e  r eq u ired  p a r t ia l  p r e s su r e  o f  component one was 
reach ed  VI and V6  were c lo s e d  and th e  gas b o t t l e  s h u t - o f f .  Then V3 
and V5 were f u l l y  opened and th e  sy stem  pumped down to  2 x 1 0 “ 5  Torr
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aga in  V3 and V5 were c lo s e d  and th e  p r o c e ss  rep e a te d  f o r  th e  secon d  
component. An exam ple o f  a m ix tu re  p r e p a r a tio n  i s  g iv en  in  s e c t io n
5 . 2 .
3 . 3 . 3 .  P r e ssu re  Measurement
A fe a tu r e  o f  requ irem en t ( i i i )  was th a t  i t  had to  be p o s s ib le  
to  m onitor th e  p r e ssu r e  o f  th e  gas in  th e  chamber c o n tin u o u s ly  and 
w ith o u t co n ta m in a tio n . An e a r ly  v e r s io n  o f  th e  apparatus m easured  
th e  p r e ssu r e  w ith  a mercury manometer. T h is proved u n s a t is f a c to r y  
f o r  th r e e  r e a so n s . F i r s t l y  th e  p r e c is io n  o f  measurement was o n ly  
as good as th e  m il lim e tr e  s c a le  b eh in d  th e  mercury g la s s ;  t h i s  was 
im proved by th e  use o f  a ca th eto m eter  b u t con tin u ou s m o n ito r in g  
was d i f f i c u l t .  S econd ly  th e  g la s s  to  m eta l s e a l s  were so u r c e s  o f  
le a k s  and t h ir d ly  th e  mercury vapour was a m ajor so u rce  o f  c o n ta ­
m in ation  d e s p ite  a l iq u id  n itr o g e n  tra p  in  th e  manometer l i n e .
P ressu re  was measured in  th e  f i n a l  system  w ith  an SE Labs 
model SE21 D i f f e r e n t i a l  P r e ssu re  T ransducer. T his d e v ic e  had a 
p a ir  o f  s t a i n l e s s  s t e e l  chambers se p a r a te d  by a s t a i n l e s s  s t e e l  
diaphragm . An e x c e s s  p r e ssu r e  in  one o f  th e  chambers d is p la c e d  
th e  diaphragm a l t e r in g  th e  r e lu c ta n c e  o f  a p a ir  o f  c o i l s  mounted 
a t  th e  ends o f  th e  cham bers. T h is p a r t ic u la r  m odel had a b u i l t  
in  o s c i l l a t o r  and dem odulator s o  t h a t  a l l  th a t  was r e q u ir e d  was a 
24 v o l t  D.C. su p p ly  t o  p r o v id e  a D.C. ou tp u t w hich v a r ie d  betw een  
± 1 v o l t  fo r  a d i f f e r e n t i a l  p r e ssu r e  sw ing o f  ± 14 p s i .  The o u tp u t  
v o lta g e  was d isp la y e d  on a d i g i t a l  v o ltm e te r , th e  tru e  p r e ssu r e  b e in g  
O btained from a c a l ib r a t io n  c h a r t . Once c a l ib r a te d  th e  a ccu racy  o f  
p r e ssu r e  rea d in g s  produced by th e  SE21 was determ ined by th e  d i g i t a l  
v o ltm e te r . An o v e r a l l  f ig u r e  o f  ± 0.1% was e s t im a te d .
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The main advantage o f  th e  d i f f e r e n t i a l  p r e ssu r e  tra n sd u c er  
was t h a t  i t  was c o m p le te ly  s e a le d  a g a in s t  lea k a g e  and se p a r a te d  from  
th e  m ercu ry -in  th e  v a c u s ta t  by th e  diaphragm . The v a c u s ta t  was 
con n ected  t o  one s id e  o f  th e  tra n sd u cer  t o  m easure th e  r e fe r e n c e  
p r e s s u r e . The method o f  use chosen was t o  pump o u t th e  r e fe r e n c e  
l i n e  t o  a s  n ear  zero  a s  p o s s ib le  and tak e  th e  ou tp u t v o lta g e  as  
an a b s o lu t e ,  r a th e r  than d i f f e r e n t i a l  v a lu e . C o r r e c tio n s  w ere 
e i t h e r  a p p lie d  t o  t h i s  v a lu e  on th e  b a s i s  o f  th e  v a c u s ta t  r e a d in g  or  
th e  l in e  pumped o u t aga in  v ia  V4 i f  th e  p r e s su r e  m easured on th e  
v a c u s ta t  r o s e  above 0 .0 1  T orr.
■3.4. S ig n a l  T ran sm ission  and R eception ,
3* 4 .1 .  The B a s ic  System
E a rly  a ttem p ts a t  s ig n a l  tr a n sm iss io n  through th e  apparatus  
showed th a t  u n le s s  very  la r g e  in p u t s ig n a ls  w ere used  m easurem ents 
were very  r e s t r i c t e d .  For re a so n s  d is c u s s e d  in  s e c t io n  4 .4  i t  was 
d ec id ed  to  u se an a v era g in g  sy stem  f o r  s ig n a l  r e c e p t io n  b a sed  on 
th a t  used  by W illiam son  and Eden The o r ig i n a l  v e r s io n  was
c o n str u c te d  m ain ly  from item s o f  equipm ent a lre a d y  a v a i la b le  b u t  
b e in g  used  f o r  o th e r  p u r p o ses . F igu re  3 .7  i s  a b lo c k  diagram  o f  
t h i s  b a s ic  sy stem . The g a te  was s p e c ia l ly  c o n s tr u c te d  f o r  th e  
exp erim en t and th e  3 w a tt  ENI 300P R.F.  Power A m p lif ie r  s p e c i a l l y  
p u rch ased . The CRO, A dret Codasyn 201 S y n t h e s is e r ,  P u lse  G en erator  
(M arconi T F 1010), Phase S e n s i t iv e  D e te c to r  (B rook d ea l 4 1 1 ) ,  Phase  
S h i f t e r  (B rook d ea l 4 2 1 ) ,  Boxcar I n te g r a to r  (B rook d ea l 452A and 4 1 5 ) ,  
Low N o ise  A m p lif ier  (B rook d eal 4 5 0 ) ,  and Chart R ecorder (V ita tr o n )  
were a lre a d y  a v a i la b le .  The system  fu n c tio n e d  t o le r a b ly  w e l l  d e s p i t e  
an in ad eq u ate  bandwidth in  th e  p r e a m p lif ie r  and Phase S e n s i t iv e  
D e te c to r , (PSD),  o f  1 MHz.
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The system  in  f ig u r e  3 .7  fu n c tio n e d  in  th e  f o l lo w in g  manner.
A to n e  b u r s t ,  about 30 c y c le s  lo n g ,  g a ted  from th e  1 MHz s in e  wave 
so u rce  was a m p lif ie d  and a p p lie d  to  th e  t r a n s m it t in g  tr a n sd u c e r .
The b u r s ts  had a  r e p e t i t i o n  freq u en cy  o f  around 100 Hz. The 
r e c e iv e d  b u r s t  was a m p lif ie d  and fe d  in t o  th e  PSD where i t  was 
dem odulated by m ix ing  i t  w ith  th e  1 MHz s in e  wave r e fe r e n c e . The 
o u tp u t o f  th e  PSD, th e  en v e lo p e  o f  th e  to n e  b u r s t ,  was m onitored  on 
an o s c i l lo s c o p e  and sam pled and averaged  by th e  b oxcar in t e g r a t o r .  
(The a c t io n s  o f  th e  PSD and b oxcar  in te g r a t o r  are d e sc r ib e d  in  
s e c t io n  4 . 4 ) .  The s e c t io n  o f  th e  en v e lo p e  b e in g  sam pled was d i s ­
p la y e d  on th e  o s c i l lo s c o p e  by b r ig h te n in g  th e  t r a c e ,  v ia  th e  Z- 
m odulation  in p u t ,  w ith  th e  sam ple g a te  p u ls e  from th e  b o x c a r ’ s  
scan  d e la y  g e n e r a to r .
The ou tp u t o f  th e  boxcar in t e g r a t o r ,  V, has th e  form
„ _ -ad  . 27rd _ .. ,V = V0 e s m  - y — 3 . 4 - 1
where a i s  th e  a t te n u a t io n  c o e f f i c i e n t ,  d th e  tra n sd u cer  s e p a r a t io n  
and X th e  w avelen gth  o f  sound in  th e  medium s e p a r a tin g  th e  t r a n s -  
d u c e r -b u ffe r  rod a s s e m b lie s . F igu re  3 .8  shows th e  form o f  V. 
P lo t t in g  V a g a in s t  d d eterm in es b oth  a and X.
In th e  o r ig in a l  v e r s io n  o f  th e  sy stem  th e  p lo t  o f  V a g a in s t  
d was o b ta in e d  by in c r e a s in g  d u n t i l  a p o s i t i v e  maximum in  V was 
o b ta in e d , r e co r d in g  d and V and m oving on u n t i l  a n e g a t iv e  maximum 
was o b ta in e d , r e c o r d in g  d and V and s o  on . At th e  same tim e th e  
sam p lin g  g a te  o f  th e  boxcar had to  be a d ju s te d  to  keep i t  op en in g  
a t  th e  c o r r e c t  p o in t  i . e .  on th e  b u r s t  en v e lo p e  maximum, by a d j u s t ­
ment o f  th e  b oxcar Sample Gate D elay c o n t r o l .  The com b ination  o f  
t h i s  ad justm ent and th e  r e c o r d in g  o f  d and V was a d i f f i c u l t  ta s k
-  k5 -
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f o r  a s in g le  o p e r a to r  and s o  a m otor and g e a r in g  ( c . f ,  s e c .  3 . 6 )  was 
in c lu d e d  t o  in c r e a s e  d s t e a d i l y  and V was record ed  on a c h a r t  
r e c o r d e r  w hich was c a l ib r a te d  a g a in s t  d isp la c e m en t.
I t  was s t i l l  n e c e ssa r y  t o  a d ju s t  th e  sam pling  g a te  o f  th e  box­
ca r  b u t w ith  th e  e x tr a  o p era to r  tim e a v a i la b le  i t  was p o s s ib le  t o  
do t h i s  more p r e c i s e ly .  The t r ig g e r  p u ls e s  to  th e  b oxcar w ere now 
s u p p lie d  v ia  th e  d e la y ed  t r ig g e r  o f  th e  CRO. The r e fe r e n c e  s in e  wave 
was d is p la y e d  on one ch an n el o f  th e  o s c i l lo s c o p e  and V on th e  e th e r .  
Each tim e V p a sse d  through zero  th e  t r ig g e r  d e la y  was a d ju s te d  so
th a t  th e  s in e  wave moved a c r o ss  th e  s c r e e n ,  from l e f t  t o  r i g h t ,
by h a l f  a w a v e len g th . The t r ig g e r  to  th e  b oxcar was th u s  d e la y ed  
by an e x tr a  h a l f  s ig n a l  p e r io d . (A j u s t i f i c a t i o n  o f  t h i s  p roced u re  
i s  g iv e n  in  Appendix 4 on th e  d i g i t a l  t r ig g e r  d e la y  u n i t ) .
T h is method o f  r e c o r d in g  data  proved tem p o r a r ily  s a t i s f a c t o r y ,  
how ever th e r e  were s e v e r a l  sh o r tco m in g s .
( i )  The method o f  d e la y in g  th e  t r ig g e r  p u ls e s  t o  th e  b ox­
ca r  in te g r a to r  to  a d ju s t  th e  sam ple g a te  d e la y , a lth o u g h  
p r e c i s e ,  was prone to  o p e r a to r  e r r o r  and was f a t ig u in g .
( i i )  An e x tr a  e r r o r  was in tro d u ced  in  c a l ib r a t in g  th e  c h a r t
paper a g a in s t  d isp la cem en t as s e p a r a te  m otors drove pap er  
and r o d s .
( i i i )  The s ig n a ls  in v o lv e d  were fa r  from b e in g  o p tim ise d  
th e  in p u t s ig n a l  cou ld  have been la r g e r ,  th e  ou tp u t  
b e t t e r  m atched and th e  bandw idths o f  th e  components 
m entioned e a r l i e r  in c r e a s e d .
( i v )  The p r o c e ss  o f  o b ta in in g  a and X from th e  c h a r t  r e co r d  
in v o lv e d  th e  u se o f  a r u le r  t o  o b ta in  V and d , fo llo w e d  
by la b o r io u s  c a lc u la t io n s  or  k e y in g  o f  d a ta  in t o  a  
computer program w ith  con seq u en t human e r r o r s .
The system  was w orkable however and e a r ly  c a l ib r a t io n  runs were  
perform ed which showed th a t  a c c u r a te  v a lu e s  o f  a and X c o u ld  be  
o b ta in e d . In view  o f  th e  la r g e  number o f  v a lu e s  o f  a and X t h a t  
w ould be r e q u ir e d  f o r  t h i s  in v e s t ig a t io n  and th e  above sh o r tc o m in g s , 
i t  became e v id e n t  th a t  some form o f  autom ation  o f  m easurem ents o f  
a and X would be d e s ir a b le .  Autom ation came about by th e  im p le ­
m en tation  o f  th e  fo llo w in g :
( i )  The d e s ig n  and c o n s tr u c t io n  o f  an au tom atic  t r ig g e r
d e la y  d e v ic e  th a t  was a s  p r e c is e  a s  th e  manual v e r s io n  
b u t w ith o u t o p e r a to r  e r r o r .
( i i )  The in tr o d u c t io n  o f  a d isp la cem en t tra n sd u c e r ;  a lo n g  
w ith  a m icrom eter d r iv e  u n it  ( c . f .  s e c .  3 . 6 ) ;  s o  t h a t  
d isp la cem en t in fo rm a tio n  w ould be a v a i la b le  as a v o l ta g e  
t o  d r iv e  an X-Y r e c o r d e r  and f o r  d ata  lo g g in g .
( i i i )  The p u rch ase o f  w id er  bandw idth PSD and r e c e iv e r  am p li­
f i e r  and th e  c o n s tr u c t io n  o f  a new impedance m atch ing  
p r e -a m p lif ie r .  At th e  same tim e a more p o w er fu l in p u t  
s ig n a l  so u rce  was in tr o d u c e d .
( i v )  The in tr o d u c t io n  o f  a lo g g in g  sy stem  to  r eco rd  peak
v a lu e s  o f  V and v a lu e s  o f  d a t  th e  zero  v o l ta g e  c r o s s in g s  
o f  V , on paper ta p e  f o r  d ir e c t  in p u t in t o  a com puter.
Thus e l im in a t in g  th e  r u le r  and th e  k ey in g  o f  d a ta  in t o  
th e  n e c e ssa r y  computer program.
The sy stem  shown in  f ig u r e  3 .9  was th e  r e s u l t  o f  th e  above 
in n o v a t io n s .
-  4 8 -
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3 . 4 . 2 .  The Automated System
The DTDU The f i r s t  s ta g e  in  th e  autom ation  o f  v e lo c i t y  and 
a t te n u a t io n  m easurem ents was th e  d e s ig n  and c o n s tr u c t io n  o f  
th e  d i g i t a l  t r ig g e r  d e la y  u n it  (DTDU) which i s  f u l l y  d e sc r ib e d  
i n  Appendix i+. T h is en ab led  m easurem ents t o  be made w ith o u t  
th e  need  f o r  c o n t in u a l ad justm ent o f  th e  b oxcar sam ple g a t e .
Once th e  g a te  was s e t  a t  a g iv e n  tim e s l o t  th e  m icrom eter  
d r iv e  m otor and th e  c h a r t d r iv e  m otor were s ta r t e d  and th e  
p l o t  o f  V a g a in s t  d was o b ta in ed  w ith o u t fu r th e r  o p era to r  
in v o lv e m e n t.
(b )  The P r e c is io n  Gate The n e x t  s ta g e  was th e  a d d it io n  o f  a
freq u en cy  d iv id e r  betw een th e  s ig n a l  g e n e r a to r  and th e  p u ls e  
g e n e r a to r  and an improved g a t e .  These two combined t o  e l im in a te  
j i t t e r  in  th e  o u tg o in g  b u s t s ;  both  in  d u r a tio n  and w ith  r e s p e c t  
t o  th e  t r ig g e r  p u l s e s .  T h is was n e c e ssa r y  t o  im prove th e  
s ig n a l  t o  n o is e  r a t i o  o f  th e  system  and to  make th e  tr a c k in g  
o f  th e  DTDU more p o s i t i v e .  The new g a te  a lth o u g h  s t i l l  
governed in  fo n l and To f f '  tim e by th e  5V p u ls e  from th e  p u ls e  
g e n e r a to r  opened and c lo s e d  on a p o s i t i v e  g o in g  zero  c r o s s in g
V
o f  th e  1 MHz s in e  w ave. Thus w h atever th e  p u ls e  le n g th  th e  
b u r s t  a lw ays co n ta in ed  a w hole number o f  c y c le s .  T h is  
e lim in a te d  j i t t e r  in  th e  b u r s t  d u r a t io n .
The d iv id e r  reduced  th e  1 MHz s ig n a l  by a f a c t o r  o f  101* t o  
produce a 100 c y c le  p er  secon d  square w ave, th e  p o s i t i v e  g o in g  
edge o f  which tr ig g e r e d  th e  p u ls e  g e n e r a to r . Thus th e r e  were  
alw ays e x a c t ly  1 0 ,0 0 0  c y c le s  betw een each t r ig g e r  p u l s e ,  and 
betw een each  to n e  b u r s t ,  t h i s  e l im in a te d  j i t t e r  w ith  r e s p e c t  t o
-  50
th e  t r ig g e r  p u ls e s .  S in ce  th e  number o f  c y c le s  in  a b u r s t
/
co u ld  be determ ined  e x a c t ly  w ith  th e  new g a t e ,  and th e  number o f  
c y c le s  betw een bursts determ in ed  e x a c t ly  by th e  d iv id e r ,  a  27 
c y c le  b u r s t  t r a in  i s  composed o f  e x a c t ly  27 c y c le s  on 9 , 9 7 3  
c y c le s  o f f  a t  each r e p e t i t i o n .
( c )  R efin em ents In  a p r o c e ss  o f  re fin e m e n t s e v e r a l  ite m s o f
e le c t r o n ic s  were r e p la c e d  w ith  improved v e r s io n s . Namely th e  
main a m p lif ie r ;  r e p la c e d  by th e  3 MHz bandwidth O rtec B rookd eal 
9452 ,  th e  PSD; r e p la c e d  by th e  3 MHz bandwidth O rtec B rookdeal 
9412A and th e  Phase S h i f t e r ,  r e p la c e d  by a custom  b u i l t  d e v ic e  
w ith  a 360° phase s h i f t  (The c i r c u i t  diagram  o f  t h i s  and o th e r  
custom  b u i l t  d e v ic e s  are  c o n ta in e d  in  Appendix 3 ) .  Two 
a d d it io n s  were made; an impedance m atching low n o is e  p r e a m p li f ie r ,  
t o  match th e  low impedance o f  a p i e z o e l e c t r i c  tra n sd u cer  a t  
reson an ce  to  th e  h ig h  impedance main a m p lif ie r  and t o  p r o v id e  
e x tr a  g a in ;  and an X-Y p l o t t e r  th e  X a x is  o f  which was d r iv en  
by th e  d isp la cem en t tra n sd u cer  d e sc r ib e d  in  s e c t io n  3 . 6 .
D e sp ite  th e se  m o d if ic a t io n s  t o  th e  b a s ic  system  i t  was 
s t i l l  n e c e ssa r y  to  ta k e  r u le r  m easurem ents from th e  X-Y p l o t  
and t o  perform  a l e a s t  sq u ares f i t  to  th e  e x p o n e n t ia l  t o  o b ta in  
a .  A computer program was w r it t e n  to  perform  th e  f i t ,  th e  
v a lu e s  fo r  w hich were keyed in  by hand. From h ere  i t  was an 
ob v iou s s te p  t o  c o n s id e r  p u t t in g  th e  d ata  d i r e c t ly  on to  ta p e  
f o r  in p u t  t o  th e  com puter. A S o la r tr o n  Data Logger was a v a i la b le  
which a t  f i r s t  s ig h t  appeared u n s u ita b le  as i t s  lo g g in g  seq u en ce  
co u ld  n o t  be f i t t e d  t o  th a t  r e q u ir e d . However i t  became ap p aren t  
t h a t  th e  DVM, rem ote chan n el s e l e c t o r  and paper ta p e  punch c o u ld  
be u t i l i s e d  i f  e x te r n a l  ch an n el s e l e c t i o n  and sam ple command
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s ig n a ls  co u ld  be p ro v id e d . The Logging Sequence C o n tr o lle r  
(LSC) in  co n ju n c tio n  w ith  th e  DTDU and th e  Peak D e te c t  and Hold  
U n it (PDHU) p ro v id ed  th e  s ig n a l s .
(d )  The PDHU The peak d e te c t  and h o ld  u n i t ,  a s th e  name s u g g e s ts
was d es ig n ed  t o  d e t e c t  th e  peak (+  ve  and -  v e )  v a lu e s  o f  th e
b oxcar ou tp u t v o l t a g e ,  and t o  h o ld  th e s e  v a lu e s  w h ile  th e y  w ere
b e in g  record ed  by th e  Data Logger. F igu re  3 .1 0 ( a )  i s  a sc h e m a tic
o f  th e  PDHU, minus i t s  l o g i c  c i r c u i t r y .  I t  fu n c t io n s  in  th e
fo l lo w in g  manner ( s t a r t i n g  w ith  > 0 and r i s i n g ) .  C a p a cito r
C ch arges up through d iod e  B s o  th a t  th e  v o lta g e  a t  H f o l lo w s
t h a t  o f  A. When V. r e a ch es  a  maximum and s t a r t s  to  f a l l  m
aga in  d iod e  B becom es r e v e r s e  b ia s e d  s o  t h a t  H rem ains a t
V^n (m ax). The v o lta g e  com parator d e t e c t s  when th e  v o l ta g e
d if f e r e n c e  betw een p o in t s  A and H ex ceed s  50 mV and sen d s o u t
a sam ple command p u ls e .  H rem ains a t  V. (max) u n t i l  V.m m
p a s s e s  through zero  when sw itc h  D i s  tem p o r a r ily  c lo s e d  and th e  
v o lta g e  a c r o ss  c a p a c ito r  C i s  c le a r e d . As g o e s  n e g a t iv e  
diode E becomes forw ard b ia s e d  and c a p a c ito r  F ch arges so  th a t  
th e  v o lta g e  a t  H aga in  f o l lo w s  t h a t  a t  A. At th e  n e g a t iv e  
tu r n in g  p o in t  in  V^n E becom es r e v e r s e  b ia s e d  so  t h a t  H rem ains  
a t  V ^ im in ) . When th e  v o lta g e s  a t  A and H d i f f e r  by 50 mV 
ag a in  th e  v o lta g e  com parator sen d s ou t an oth er  sam ple command 
p u ls e .  When p a s s e s  through zero  ag a in  sw itc h  G i s  c lo s e d  
tem p o ra r ily  and th e  v o lta g e  on c a p a c ito r  F i s  c le a r e d . As 
g o es  p o s i t i v e  aga in  th e  c y c le  i s  r e p e a te d . and VQu<t
are  shown in  f ig u r e  3 . 1 0 ( b ) .
The d io d es  used  in  th e  PDHU had an ex trem ely  low  r e v e r s e  
b ia s  lea k a g e  cu rren t and th e  u n ity  g a in  b u f fe r s  had an e x t r e -
voltage comparator
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unity gain
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m ely sm a ll in p u t c u r r e n t. As a r e s u l t  th e  decay o f  t h e  v o l ta g e  
h e ld  by th e  c a p a c ito r s  was very  s lo w . In  f a c t  when V ^ was 
a t  i t s  l a r g e s t  v a lu e ;  co rresp on d in g  t o  a V ^ (m ax) peak o f  
10 v o l t s ; and was a t  -  10 v o l t s  g iv in g  a r e v e r s e  b ia s  o f
20 v o l t s ,  th e  lea k a g e  amounted t o  l e s s  than 0 . 0 1  v o l t s  in  30 
m in u tes . The r e v e r s e  b ia s  a t  th e  tim e o f  sam p lin g  was o n ly  
50 mV and t h i s  a mere 3 secon d s or  so  a f t e r  r e a c h in g  th e  peak  
v a lu e . Hence th e  v o lta g e  sam pled by th e  Data Logger was w ith in  
th e  p r e c is io n  o f  th e  DVM, e x a c t ly  th e  same as a t  th e  p eak .
( e )  The Data Logger Three p a r ts  o f  th e  S o la r tr o n  Data Logger w ere used  
in  t h i s  a p p l ic a t io n .  The ch an n el s e le c t o r . ,  th e  DVM, and th e  
paper ta p e  punch. The o u tp u t o f  th e  d isp la cem en t tra n sd u c er  
was con n ected  to  ch an n el 0 and th e  ou tp u t o f  th e  PDHU t o  ch an n el  
4 . Sample command p u ls e s  were s u p p lie d  by th e  zero  c r o s s in g  
d e te c to r  in  th e  DTDU, fo r  d isp la cem en t v a lu e s ,  and th e  PDHU 
f o r  am plitude v a lu e s .  See f ig u r e  3 . 1 1 ( a ) ,  The lo g g in g  seq u en ce  
c o n t r o l l e r  sw itch ed  th e  ch an n el s e le c t o r  betw een ch a n n e ls  0 and 
4 in  such  a manner th a t  th e  ch an n el th a t  was open was a s s o c ia t e d  
w ith  th e  n e x t  sam ple command t h a t  was due. Data was th en  
record ed  on th e  paper tap e  in  th e  fo l lo w in g  o rd er . See  
f ig u r e  3 . 1 1 ( b ) .
1 D isp lacem en t a t  zero  c r o s s in g  o f  V Channel 0
2 P o s i t iv e  (o r  n e g a t iv e )  peak o f  V Channel 4
3 D isp lacem en t a t  zero  c r o s s in g  o f  V C hannel 0
4 N e g a tiv e  (o r  p o s i t i v e )  peak o f  V Channel M-
5 As 1 Channel 0
6 As 2 Channel *+
e t c .
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The f i r s t  v a lu e  reco rd ed  was alw ays o f  d isp la cem en t as  
ch an n el 0  was th e  ch an n el s e le c t e d  a t  ’s ta n d b y ’ and was th e  
f i r s t  open when th e  seq uence c o n t r o l le r  was sw itc h e d  t o  ’sa m p le ’ .
A f lo w  c h a r t  o f  th e  o p e r a tio n  o f  th e  sequence c o n t r o l l e r  i s  
shown in  f ig u r e  3 .1 2 . The sequence c o n t r o l le r  a c c ep te d  sam ple  
command p u ls e s  o n ly  from th e  u n it  a s s o c ia t e d  w ith  th e  ch an n el  
i t  had open i . e .  from th e  DTDU i f  0 was open and from th e  PDHU 
i f  4 was open. T h is p rev e n te d  d isp la cem en ts  b e in g  record ed  
a t  v o lta g e  peaks and v o lta g e s  a t  th e  zero  c r o s s in g s  as th e  0 -4  
seq uence was sy n c h r o n ise d  w ith  th e  command seq u en ce . I f  a 
s in g le  command p u l s e 9 e i t h e r  from th e  DTDU or  th e  PDHU was m is s e d ,  
two peak v a lu e s  o f  th e  same p o l a r i t y ,  s e p a r a te d  by a s in g le  
d isp la cem en t v a lu e ,  were record ed  on th e  ta p e  (T h is  o ccu rred  
a t  th e  end o f  a run i f  V was a llo w ed  t o  f a l l  below  50 mV).
The computer program th a t  read  th e  ta p e s  d e te c te d  t h i s  and o th e r  
lo g g in g  e r r o r s  and inform ed th e  o p e r a to r  a t  th e  ta p e  r e a d in g  
s ta g e  so  t h a t  c o r r e c t io n s  co u ld  b e  made b e fo r e  c a lc u la t io n s  
were c a r r ie d  o u t .
( f )  Data H andling The d a ta  was record ed  on th e  ta p e  in  ASCII form  
w ith  10 c h a r a c te r s  fo r  each  p o i n t : -  The f i r s t  was th e  ch a n n e l 
number, th e  seco n d  and t h ir d  th e  DVM r a n g e , th e  fo u r th  th e  
p o l a r i t y ,  th e  n e x t  fo u r  w ere th e  DVM re a d in g  and th e  l a s t  two  
were v a r ia b le  c o n t r o l  c h a r a c te r s . On ch an n el 0  th e s e  c h a r a c te r s  
w ere two sp a c e s  and on ch an n el 4 a c a r r ia g e  re tu r n  and a new 
l i n e .  Thus when th e  tap e  was p r in te d  o u t on a t e l e t y p e  th e  
d ata  was in  th e  form o f  two columns se p a r a te d  by two s p a c e s ,  
one o f  d isp la cem en t v a lu e s  th e  o th e r  o f  am plitude v a l u e s ; s e e  
f ig u r e  3 .1 3 .
Flow Chart o f  Logging Sequence C on tro ller
Standby  
S e le c t  CH.O
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W ait 3 se co n d s
S e le c t  Ch.O
Fi qure  3» 12
03 0-  0 5 5 3  
03 0 -  0 5 3 2  
03 0-  05 1 2 
03 0-  049 1 
03 0-  047 1 
0 3 0 -  0 4 5 0  
03 0 -  0 4 3 0  
03 0-  04 09 
03 0-  0 33 9 
03 0-  0 3 68 
03 C- 0 3 4 8  
0 3 0 -  0 323  
0 3 0 -  0 3 0 7  
03 0-  0 28 7 
C3 0-  0 20 i  
03 0-  0 24 6 
0 3 0 -  0 2 2 6  
03 0 -  0 20 5 
03 0 -  0 13 5 
03 0 -  0 1 0 4 
03 0-  0 144  
C3 0-  0 1 24  
03 0-  0 1 03 
03 0-  0 03 3 
030-  0 003
4 2 0 +  0 9 7 6  
4 2 0 - 0 9 4 6  
4 2 0 +  09 08 
4 2 0 - 0 8 7 3  
4 2 0 +  0 8 3 7  
4 2 0 -  08 1 1 
4 2 0 +  0 7 7 7  
4 2 0 -  0 7 5 2  
4 2 0 +  07 17 
4 2 0 -  0 0 9 5  
4 2 0 + 0 0 6 4  
4 2  0 - 0 6 4 4  
4 2 0 + 0 6 1 4  
4 2 0 -  0 5 9 7  
4 2 0 + 0 5 6 9  
4 2 0 - 0 5 5 3  
4 2 0 + 0 5 2 6  
4 2 0 - 0 5 1 2  
4 2 0 +  0 4 3 5  
4 2 C - 0 4 6 4  
4 2  0+ 0 4 4 8  
42  0 - 0 4 3 2  
4 2 0 +  04 1 3 
4 2 0 - 0 4 0 1  
4 2 0 +  033 3
T e le ty p e  Output
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These d a ta  were hand led  by th e  com puter program in  th e  f o l lo w in g  
manner. A f te r  b e in g  read  and scanned  fo r  p o s s ib le  lo g g in g  e r r o r s  
th e y  were s o r te d  in t o  ch an n el 0  and ch an n el 4  d a ta  ty p e s  and th e  
n u m erica l v a lu e s  w ith  p o la r i t y  were se p a r a te d  from th e  o th e r  
. in fo r m a tio n . Each ch annel 0 number was m u lt ip l ie d  by th e  d isp la c e m en t  
tra n sd u cer  c a l ib r a t io n  fa c t o r  t o  g iv e  th e  a c tu a l  d isp la cem en t v a lu e  
in  mm. Zero d isp la cem en t was when th e  rod s were in  c o n ta c t . The 
ch an n el 4 d a ta  were p r o c e sse d  t o  e l im in a te  common mode in t e r f e r e n c e ,  
in c lu d in g  ze ro  o f f s e t .  T h is was done in  th e  fo llo w in g  manner. 
R e fe r r in g  to  f ig u r e  3 .1 1 ( b ) ,  th e  a r ith m e tic  mean v a lu e  o f  r e a d in g s  
2  and 6  was found and th e  a b s o lu te  v a lu e  o f  t h i s  added t o  th e  
a b s o lu te  v a lu e  o f  r e a d in g  4 t o  g iv e  th e  f i r s t  am plitude v a lu e . N ext 
th e  a r ith m e tic  mean o f  4 and 8  was found and i t s  a b s o lu te  v a lu e  
added t o  th a t  o f  6  t o  g iv e  th e  secon d  am plitude v a lu e ,  and s o  on .
The am plitude v a lu e s  were f i t t e d  t o  an e x p o n e n t ia l  w ith  a l e a s t  
sq u ares f i t  t o  o b ta in  aX ( th e  a t te n u a t io n  p e r  w a v e len g th ) and th e  
d isp la cem en t v a lu e s  w ere f i t t e d  to  a s t r a ig h t  l i n e  w ith  a l in e a r  
l e a s t  sq u ares f i t  t o  o b ta in  X. F in a l ly  v  and a were c a lc u la te d  and 
th e  d ata  p r in te d  o u t as in  f ig u r e  3 .1 4 .
3 .4 .3 .  Method o f  making a measurement o f  a  and X
The f o l lo w in g  procedure was fo llo w e d  t o  o b ta in  each  s e t  o f  
a b so rp tio n  and w avelen g th  r e a d in g s .
1) B u ffe r  rod s brought to g e th e r .
The rod s were b rou gh t a s  c lo s e  to g e th e r  as p o s s ib le  w ith o u t  
s e t t i n g  up s ta n d in g  waves betw een t h e ir  f a c e s .  T h is d is ta n c e  
depended on th e  a b so r p tio n  c o e f f i c i e n t  ( s e e  s e c t io n  4 .2 )  and was 
found by a t e s t  run perform ed w ith o u t th e  data  lo g g e r  sa m p lin g .
AR 5 8 P ERCENT H2 8 2 6 8 C 2 4  MARCH 1 9 7 6
RUN 1 AT 12 - . 4 6 : 4 1  ON 3 / 3 1 / 7 6
N I NP UT VALUES AMP L I T UDE S D I S P L A C E M E N T S  
< H.  H>
8 .  8 9 .  7 6 8 . 5 7 3 5
8 .  5 - 9 . 4 5 1 8 . 8 8 8 8 . 8 1 7 5
1.  8 9 .  e 8
•
1 8 . 1 7 5 9 . 8 4 9 9
1 . 5 - 8  . 7 2 1 7 . 4 5 5 9 . 2 9 4 8
2 .  8 8 .  3 7 1 6 .  7 9 8 9 . 5 2 6 4
2 . 5 - 8 . 1 8 1 6 .  1 8 0 9 . 7 7 8 5
3 .  8 7 . 7 7 1 5 . 5 8 5 1 8 . 8 0 2 9
3 .  5 - 7 . 5 1 1 4 . 9 9 8 1 0 . 2 4 6 9
4 .  8 7 . 1 7 1 4 . 4 8 5 1 8 . 4 7 9 4
4 .  5 - 6 . 9 4 1 3 . 8 5 5 1 8 . 7 2 3 4
5 .  8 6 . 6 4 1 3 . 3 3 5 1 0 . 9 5 5 8
5 .  5 - 6 . 4 3 1 2 .  8 3 0 1 1 . 1 8 8 2
6 .  8 6 . 1 4 1 2 . 3 4 5 1 1 . 4 3 2 3
6 . 5 - 5 . 9 6 1 1 . 8 8 5 1 1 . 6 6 4 7
7 8 5 .  6 9 1 1 . 4 4 8 1 1 . 9 8 8 8
7 .  5 - 5 . 5 2 1 1 . 8 6 5 1 2 . 1 4 1 2
8 .  8 5 .  2 6 1 8 .  5 8 5 1 2 . 3 7 3 6
8 . 5 - - 5 . 1 1 1 0 .  1 7 5 1 2 . 6 1 7 7
9 .  8 4 . 8 5 9 .  7 3 8 1 2 . 8 . 5 0 1
9 .  5 - 4 . 6 3 9 .  3 8 5 1 3 . 8 9 4 1
- 1 8 ;  8 4 . 4 8 . • -  ^ : 8 . 9 6 0 1 3 . 3 2 6 5
1 0 .  5 - 4 . 3 1 8 . 6 2 5 1 3 . 5 5 9 8
1 1 . 8 4 . 1 3 -  ........... 8 . 2 9 5 1 3 . 8 0 3 8
1 1 . 5  
1 2 .  8 3 .  8 3
- 4 . 8 8 7 .  9 9 8 1 4 . 0 3 5 4
1 4 . 2 6 7 9
TEMPERATURE * 1 9 9
P R E S S U R E  = 1 0  5 ?  8 8  ------
FREQUENCY = 1 1 8 0 . 8 8  KHZ
UAVELENGTH = 8 . 4 7 4 5 6  ERR 8 . 8 8 8 2 3  HM -
VE L O C I T Y  = 5 2 2 . 8 1 1 8  ERR 8 . 2 5 4 1  M / S
A B S O R P T I O N  C O E F F I C I E N T  = - 8 , 0 7 8 2 8 3 7 5  ERR 8 . 8 0 0 2  1 9 6 5  / U L
= - 8 . 1 6 4 3 7 4 6 9  ERR 8 . 8 0 0 4 5 8 6 3  / H H
Computer Output  A f t e r  P r o c e s s in g  o f  Data Tapes
F i g u r e  3-
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The p l o t  on th e  X-Y r e co r d e r  showed a n o n -s in u s o id a l  v a r ia t io n  
in  V when s ta n d in g  waves were p r e s e n t  t o  an e x te n t  t h a t  would  
a f f e c t  th e  measured a b so rp tio n  v a lu e ,  th u s th e  minimum s e p a r a tio n  
was e a s i l y  found. F in d in g  th e  minimum se p a r a tio n  b e fo r e  each  run 
would have been  to o  tim e consum ing s o  th e  d is ta n c e  was norm ally  
determ in ed  a t  th e  b e g in n in g  o f  a days e x p er im en ta tio n  and s lo w ly  
reduced  as th e  p r e s su r e  was d ecrea sed  and th e  a b so r p tio n  in c r e a s e d .  
Any a b n o r m a lit ie s  were s p o t te d  d u rin g  a run and th e  run r e p e a te d  
w ith  a la r g e r  i n i t i a l  s e p a r a t io n .
2 ) PSD ou tp u t en v e lo p e  s e t  to  p o s i t i v e  maximum.
By o b se r v in g  th e  PSD o u tp u t on th e  CRO and a d ju s t in g  th e  
phase s h i f t e r  th e  en v e lo p e  was s e t  to  a p o s i t i v e  maximum (n o t  
c r i t i c a l ) .
3) PSD en v e lo p e  am plitude s e t  to  IV.
T h is was done by a d ju s t in g  th e  r e c e iv e r  ou tp u t and m easuring  
th e  peak v o lta g e  on th e  CRO,
4 ) Sample g a te  s e t  on en v e lo p e  peak .
By o b se r v in g  th e  PSD o u tp u t on th e  CRO and a d ju s t in g  th e  
b oxcar  sam ple g a te  d e la y  th e  Z-mod b r ig h t  s p o t  was moved t o  th e  
c o r r e c t  p o s i t i o n .
5) M icrom eter d r iv e  m otor s t a r t e d .
6 ) P lo t t e r  pen down.
7) P lo t -  ob served  on X-Y r e c o r d e r .
I t  was checked th a t  s ta n d in g  waves were n o t  p r e s e n t  and t h a t  
peak am plitude d id  n o t  ex ceed  1 0  v o l t s .
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8) Sequence c o n t r o l l e r  sw itc h e d  t o  sam ple.
Data were then  record ed  u n t i l  s ig n a l s  became s m a lle r  than th e  
PDHU h y s t e r e s i s .
9 ) Sequence c o n t r o l le r  sw itc h e d  t o  stan d b y .
p r e s se d  to  le a v e  30 cms or  so  o f  b lank  tap e  betw een d a ta  s e t s .  
3 .5 ,  The B u ffe r  Rods and T ransducers
The u ltra so u n d  was tr a n sm itte d  in t o  and o u t o f  th e  chamber by 
two 500 mm lo n g  fu se d  s i l i c a  r o d s . The rods purchased  w ere th o s e  
w ith  th e  la r g e s t  a v a i la b le  nom inal d iam eter  (16 mm) w hich were 
su b se q u e n tly  ground down t o  a d iam eter  o f  0 .5 9 5  in c h e s  t o  comply 
w ith  th e  f0 f r in g  s e a l s  through which th e y  were t o  s l i d e . .  The rod s  
were o f  an u l t r a  pure s y n t h e t ic  v i tr e o u s  s i l i c a  w ith  th e  tr a d e  name 
s p e c t r o s i l ;  i t s  p r o p e r t ie s  are  sum marised in  t a b le  3 .1 .
When lo g g in g  was com p lete  th e  punch ta p e  fe e d  b u tto n  was
S p e c t r o s i l
S o f te n in g  P o in t 1867°K
D en sity 2 .1 9 7  x 103 kg i ir 3
C o e f f ic ie n t  o f  Thermal E xpansion = LQ[ l+ ( 0 .4 6 8 t  + 0 .0 0 0 5 2 4 t 2 ) x l 0 “6 )
A c o u s t ic  V e lo c it y  ( lo n g i t u d in a l)  5732 ± 1 ms~1( a t  57 KHz)
a t  293°K ( t o r s io n a l )  3710 ± 20 m s-1 ( a t  18 KHz)
Tem perature C o e f f ic ie n t  (L) *1/ 9 x 105
o f  a c o u s t ic  v e lo c i t y  (T)
A tten u a tio n < 10 n ep ers n r 1 MHz
Table 3 ,1
The ends o f  th e  rods were ground p la n e  p e r p e n d ic u la r  and 
o p t i c a l ly  p o l is h e d .  S p e c t r o s i l  i s  very  b r i t t l e  and g r e a t  ca re  had  
t o  be taken  in  h a n d lin g  to  a v o id  ch ip p in g  th e  ends as t h i s  meant 
r e -g r in d in g  and r e - p o l i s h in g .  Care was p a r t ic u la r ly  n e c e s s a r y  when 
in s e r t in g  th e  rod s through th e  su p p ort c y lin d e r s  where to le r a n c e s  
w ere m inim al and th e  ends e a s i l y  knocked.
A tapped  b r a ss  r in g  was bonded w ith  A r a ld ite  o n to  each  rod  
15 mm from one end . T h is was t o  p r o v id e  a m ech an ica l c o n n e c tio n  
t o  th e  l in e a r  m otion d r iv e  ( c . f .  s e c t io n  3 .6 )  f o r  th e  tr a n s m it t in g  
r o d , and t o  th e  su p p ort frame, fo r  th e  r e c e iv in g  one. To t h i s  
r in g  was screw ed  a b r a ss  tra n sd u c er  h o u sin g  which c a r r ie d  a  T u fn o l 
c o n n e c tin g  rod  a t  th e  tr a n s m itte r  end and a le n g th  o f  *0* BA stu d d in g  
a t  th e  r e c e iv e r  end.
F iv e  PZT-5A p i e z o e l e c t r i c  tra n sd u c er  e lem en ts  were purchased  
each  w ith  a d iam eter  o f  15 mm and a nom inal th ic k n e s s  mode reso n a n ce  
o f  1 MHz. Each was t e s t e d  t o  determ in e i t s  fr e q u e n c ie s  o f  maximum 
and minimum impedance in  th e  f o l lo w in g  manner. The d i s c  was h e ld  
in  a su p p ort w hich p rov id ed  an e l e c t r i c a l  co n n ec tio n  t o  th e  d i s c ' s  
e le c t r o d e s .  See f ig u r e  3 .1 5 ( a ) ;  An AC s ig n a l  w ith  a freq u en cy  o f  
th e  ord er  o f  1 MHz was a p p lie d  t o  th e  d i s c ,  th e  v o lta g e  o f  t h i s  AC 
s ig n a l  was d is p la y e d  on an o s c i l lo s c o p e .  A cu r r en t probe was 
con n ected  t o  th e  in p u t  l i n e  and th e  c u r r e n t  taken  by th e  tra n sd u c er  
was a l s o  d is p la y e d  on th e  o s c i l lo s c o p e .  The v a lu e s  o f  I  and V as  
fu n c t io n s  o f  freq u en cy  were reco rd ed  and a p l o t  o f  im pedance a g a in s t  
freq u en cy  was drawn. See f ig u r e  3 .1 5 ( b ) .  The two tr a n sd u c e r  d i s c s  
w ith  th e  m ost s im i la r  r e so n a n t and a n t i- r e s o n a n t  fr e q u e n c ie s  were  
chosen t o  be bonded t o  th e  b u f f e r  r o d s .
-  6 3  -
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current probe
CRQ
transducer
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T e s t in g  PZT T ransduce r  Elements
F I g u r e  3 * 1 5 ( a)
CL
2frequency MHz
A Typ ica l  P f e z o e l e c t r i c  Resonance Curve
Fi g u r e  3 • 1 5 ( b )
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A c r o ss  s e c t io n  o f  a com pleted  tr a n sd u c er  i s  shown in  f ig u r e  
3 .1 6 . The p i e z o e l e c t r i c  d i s c  was bonded t o  th e  fu sed  s i l i c a  rod  
w ith  Johnson M atthey typ e  TSP51 th e r m o se tt in g  s i l v e r  p r e p a r a tio n .
T h is p ro v id ed  a firm  bond , good a c o u s t ic  tr a n sm iss io n  and a low  
r e s i s t a n c e  e l e c t r i c a l  c o n ta c t . The procedure f o r  p rod u cin g  th e  bond was 
as f o l lo w s .  The ends o f  th e  rods and th e  s i l v e r e d  fa c e s  o f  th e  
tra n sd u c er s  were f i r s t  c le a n e d  w ith  a c e to n e  and then  th e  p e r ip h e ry  
o f  th e  tra n sd u cer  d is c s  was p a in te d  w ith  ' f o r t i l a c '  t o  p r e v e n t  th e  
TSP51 from s h o r t in g  out th e  e le c tr o d e  f a c e s .  Each rod was su p p orted  
v e r t i c a l l y  and a la r g e  drop o f  TSP51 p la c e d  on i t s  top  f a c e .  The 
tra n sd u c er  e lem en t was p la c e d  on to p  o f  th e  TSP51 and a 50 g w e ig h t  
p la c e d  on top  o f  t h i s .  The e x c e s s  TSP51 was a llo w ed  t o  run down th e  
rod as f a r  as th e  b r a ss  r in g  and more was a p p lie d  to  c o a t  th e  w hole  
o f  th e  s p e c t r o s i l  betw een th e  tra n sd u c er  d i s c  and th e  r in g .  The 
r in g  th en  form ed th e  ground c o n ta c t  f o r  th e  tr a n sd u c er . The rods  
were l e f t  f o r  th r e e  days w h ile  th e  TSP51 s e t .
A b r a ss  h o u sin g  was screw ed on to  each  r in g  t o  p r o v id e  p r o t e c t io n  
f o r  th e  tr a n sd u c e r , e l e c t r i c a l  s c r e e n in g  and a m ech an ica l c o u p lin g .  
I n s id e  th e  c a se  a s p r in g , mounted on a p ersp ex  d i s c  p ro v id ed  an 
e l e c t r i c a l  c o n ta c t  w ith  th e  exp osed  tra n sd u c er  e le c t r o d e .  A c o a x ia l  
le a d  was s o ld e r e d  t o  th e  c a se  by i t s  s c r e e n  and th e  c e n tr e  con d u ctor  
con n ected  t o  th e  sp r in g  to  com plete th e  c i r c u i t .
In  an e a r l i e r  v e r s io n  a tu n g ste n  load ed  A r a ld ite  b lo c k  was 
c a s t  o n to  th e  back o f  th e  tra n sd u c er s  to  absorb r e f l e c t e d  en erg y  and 
reduce th e  Q o f  th e  assem b ly . T h is was removed as th e  reduced  
e f f i c i e n c y  outw eighed  any advantage g a in e d .
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3*6* M icrom eter D rive U n it and D isp lacem en t Transducer
To fu n c tio n  c o r r e c t ly  th e  s ig n a l  r e c e p t io n  system  d e sc r ib e d  
in  s e c t io n  3 .4  and a n a ly sed  in  s e c t io n  4 .4  r e q u ir e s  th e  a c o u s t ic  
p ath  le n g th  to  in c r e a s e  a t  a c o n sta n t  r a t e .  The accu racy  o f  m easure­
m ents made w ith  th e  system  depends on t h i s  c o n s ta n t  r a te  o f  change 
and th e  accu racy  o f  d isp la cem en t m easurem ents. A m icrom eter screw  
was u t i l i s e d  t o  p ro v id e  b oth  movement and d isp la cem en t m easurem ent.
In  an e a r ly  v e r s io n  o f  th e  ex p e r im en ta l apparatus a le n g th  o f  
0B& s tu d d in g  was used  in  p la c e  o f  a m icrom eter th r ea d . A c a p t iv e  
n u t d r iven  by a geared  m otor p u l le d  th e  stu d d in g  through t o  g iv e  a 
c o n s ta n t  r a te  o f  change o f  path  le n g th . However a p e r i o d i c ‘v a r ia t io n  
in  th e  am plitude o f  th e  s ig n a l  from th e  b oxcar in te g r a t o r  ( s e e  f ig u r e  
3 .1 7 (a ))w a s  tr a c e d  t o  t h i s  p a r t  o f  th e  ap p ara tu s. The p e r io d  o f  
v a r ia t io n  was found t o  be 1 mm w hich i s  i d e n t i c a l  w ith  t h e  p i t c h  o f  
an OBA screw  th rea d . C lo se r  exam in ation  r e v e a le d  t h a t  th e  th r ea d  
was c u t drunkenly on th e  s tu d d in g  so  t h a t  a c o n sta n t  r a t e  o f  r o ta t io n  
o f  th e  n u t produced a f a r  from c o n sta n t r a te  o f  change o f  d i s p la c e ­
m ent; s e e  f ig u r e  3 .1 7 ( b ) .  T h is problem  was overcome by th e  u se  o f  
a m icrom eter head.
F igu re  3 .1 8  shows th e  f i n a l  form o f  th e  l in e a r  m otion  d r iv e .
A 50 mm t r a v e l  m icrom eter head graduated  in  0 .0 0 2  mm form s th e  b a s i s  
o f  th e  d e v ic e .  I t  was d ec id ed  th a t  th e  m icrom eter sh o u ld  be u sed  
w ith  i t s  s p in d le  in  com pression  and w ith  i t s  a x is  a lo n g  th e  a x is  
o f  th e  b u f f e r  rods b ecau se  o f  th e  f o r c e s  in v o lv e d ;  when th e  chamber 
i s  f u l l y  ev a cu a ted  th e r e  i s  a fo r c e  o f  70 Newtons t r y in g  t o  push each  
rod inw ards. The com pression  mode i s  a l s o  th e  c o r r e c t  mode f o r  
a c c u r a te  measurement from a m icrom eter.
Boxcar Output Voltage
V
time
Output o f  Boxcar With Drunken Thread F i t t e d  
Fi gure 3 . 1 7(a)
U321
Rotations of Driving Nut
Figure  3»18
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A r ig i d  b r a c k e t  was b o l t e d  on to  th e  a lign m en t frame to  su p p ort  
th e  d r iv e  in  th e  c o r r e c t  p o s i t io n  i . e .  w ith  th e  a x is  o f  th e  m icro­
m eter a lo n g  t h a t  o f  th e  b u f f e r  r o d s . Cross members B and C were  
b o lte d  on to  th e  b r a ck et and th e  m icrom eter b a r r e l  was f i t t e d  in t o  
c r o ss  member B. A fram e, composed o f  members A and D and th e  lo n g  
s h a f t s  which s l i d  through th e  bronze bush es in  B and C, e n c lo s e d  th e  
m icrom eter. The hardened fa c e  o f  th e  s p in d le  was in  c o n ta c t  w ith  
a b a l l  b e a r in g  embedded in  A , and a hardened fa c e  on th e  s tep p ed  
p u l le y  a t ta c h e d  to  th e  th im b le  was in  c o n ta c t  w ith  a b a l l  b e a r in g  
embedded in  B. C lockw ise r o ta t io n  o f  th e  th im b le  moved th e  frame 
from r ig h t  t o  l e f t  and a n t ic lo c k w is e  r o ta t io n  moved i t  from l e f t  t o  . 
r ig h t  ( f ig u r e  3 . 1 8 ) .  B ack lash  betw een th e  frame and th e  m icrom eter  
was e lim in a te d  by a d ju s t in g  th e  s e p a r a tio n  betw een A and C t o  p r e s s  
th e  b a l l  b e a r in g s  o n to  th e  hardened f a c e s .  F r ic t io n  betw een  th e  
fa c e s  and th e  b a l l  b e a r in g s  was m inim al s o  t h a t  r o ta t io n  was n o t  
impeded.
The t r a n s m it t in g  b u f f e r  rod  was con n ected  t o  th e  frame by a 
T u fh e l s h a f t .  During an ejq>erim ental run th e  m icrom eter th im b le  
was r o ta te d  in  a c lo c k w ise  d ir e c t io n  by a geared  synchronous m otor  
on c r o s s  member D, p u l l in g  th e  b u f f e r  rod  ou t o f  th e  chamber and 
in c r e a s in g  th e  a c o u s t ic  path  le n g th .  The m otor and th e  m icrom eter  
th im b le  were l in k e d  by a s tep p ed  b e l t  and s te p p ed  p u l le y s  so  t h a t  
th e  o v e r a l l  r a te  o f  r o ta t io n  o f  th e  th im b le  was 1 PPM. T h is was 
e q u iv a le n t  to  a  r a te  o f  change o f  d isp la cem en t o f  0 .5  mm p e r  m in u te .
The e f f e c t i v e  m ech an ica l advantage o f  th e  d e v ic e  was such  t h a t  
th e  v a r ia t io n  in  torq u e a t  th e  m otor, betw een a tm osp h eric  p r e s su r e  
and f u l l  e v a c u a tio n  o f  th e  chamber was o n ly  ^  3 * 10“ 3Nm ( th e  term  
m otor h ere  means th e  e l e c t r i c  m otor p lu s  i t s  in t e r n a l  g e a r in g ) .
T h is was w e l l  w ith in  th e  to rq u e  r a t in g  o f  th e  m otor. C on sequ en tly  
th e  r a te  o f  change o f  d isp la cem en t was c o n s ta n t  f o r  a l l  o p e r a tin g  
c o n d it io n s  o f  th e  ex p e r im en ta l a p p a ra tu s.
D isp lacem en t m easurem ents co u ld  be taken  d i r e c t ly  from th e  
m icrom eter. For th e  autom ated sy stem  d e sc r ib e d  in  s e c t io n  3 . 4 . 2 ,  
how ever, th e  d isp la cem en t in fo rm a tio n  was needed in  e l e c t r i c a l  form .
A Sangamo Weston Long S trok e  DC/DC d isp la cem en t tra n sd u c er  was 
clam ped under th e  sh o u ld e r s  o f  B and C and i t s  push rod con n ected  
t o  D. T h is d e v ic e  was o f  th e  l in e a r  v a r ia b le  tra n sfo rm er  ty p e ;  
g iv e n  a 10 V DC su p p ly  i t  g iv e s  a b ip o la r  l in e a r  DC o u tp u t w ith  
zero  a t  th e  c e n tr e  o f  i t s  s t r o k e .  The p o s i t io n  o f  th e  tra n sd u c er  
was a d ju s te d  t o  g iv e  z e ro  ou tp u t a t  15 mm m icrom eter d isp la c e m en t  
and th en  i t  was c a l ib r a te d  a g a in s t  th e  m icrom eter. For a 50 mm 
t r a v e l  m icrom eter and d isp la cem en t tra n sd u c er  i t  may seem more 
l o g i c a l  t o  have s e t  zero  a t  25 mm, how ever th e  p a r t ic u la r  tr a n sd u c e r  in  
use was more l in e a r  in  th e  c e n tr a l  30 mm o f  i t s  s tr o k e  and s in c e  
b u f fe r  rod d isp la cem en ts  o f  g r e a te r  than 30 mm were r a r e ly  r e q u ir e d  
th e  c e n tr a l  r e g io n  was u sed . Over t h i s  p a r t  o f  th e  s tr o k e  th e  
tra n sd u cer  ou tp u t was 7 9 .2 0  ± 0 . 0 5  mV/mm fo r  a 10 V DC in p u t . As w ith  
th e  p r e s su r e  tra n sd u cer  th e  accu racy  o f  p o in t  r e a d in g s  depends very  
much on th e  accuracy  o f  th e  d e v ic e  m easuring th e  tra n sd u c er  v o l t a g e .
The d a ta  lo g g e r  DVM was used  fo r  d isp la cem en t r e a d in g s  f o r  w hich an 
o v e r a l l  accu racy  o f  0.1% was e s t im a te d .
CHAPTER 4
DESIGN CRITERIA
In  Chapter Three th e  f i n a l  form o f  th e  ex p er im en ta l ap p ara tu s  
was d e sc r ib e d  in  d e t a i l .  T h is ch ap ter  w i l l  d is c u s s  some o f  th e  more 
im p ortan t c o n s id e r a t io n s  th a t  had to  be met d u rin g  th e  d e s ig n  and  
c o n s tr u c t io n  o f  th e  a p p a ra tu s .
The Range o f  Measurement
The range o f  r e la x a t io n  t im e s  th a t  can b e  m easured by  u l t r a s o n ic  
a b so r p tio n  i s  l im ite d  by  s e v e r a l  f a c t o r s .  The lo n g e s t  r e la x a t io n  
tim e th a t  can be measured i s  d ec id ed  by th e  lo w e s t  freq u en cy  th a t  
can be u se d , which in  th e  c a se  o f  e le v a t e d  tem perature m easurem ents 
i s  l im it e d  by th e  d iam eter o f  th e  b u f fe r  ro d s ( c . f .  s e c t io n s  3 .5  and 
4 . 3 ) I The d iam eter  o f  th e  t r a n s m it t in g  rod must be a t  l e a s t  tw ic e  
th e  w avelength  o f  sound in  th e  m a te r ia l  o f  th e  rod  fo r  th e  t r a n s ­
m itte d  waves to  be p la n e , a s  r eq u ired  by th e  th e o r y . The l a r g e s t  
diam eter fu se d  s i l i c a  rod a v a i la b le  a t  th e  tim e o f  d e s ig n  o f  th e  
apparatus was 15 mm, 1he v e l o c i t y  o f  sound in  which was 5700 ms”1 
T h is gave a low  freq u en cy  l i m i t  o f  th e  ord er o f  1 MHz. Frequency to  
p r e ssu r e  r a t i o s  o f  l e s s  than 1  MHz/Atm. c o u ld  have been  o b ta in e d  by  
u s in g  p r e ssu r e s  g r e a te r  than atm osp h eric  in  th e  chamber b u t t h i s  was 
d ec id ed  a g a in s t  on s a f e t y  grounds. The lo n g e s t  r e la x a t io n  tim e  
o b serv a b le  was th e r e fo r e  'v 1 0 se c o n d s .
The s h o r t e s t  r e la x a t io n  tim e th a t  can be m easured i s  d eterm in ed
f
by th e  accu racy  w ith  which a b so r p tio n s  can be m easured a t  la r g e  p-
fr a t i o s .  The c l a s s i c a l  a b so r p tio n  2 . 4 - 2  r i s e s  s t e e p ly  f o r  ^  in
e x c e s s  o f  102 MHz/Atm* and th e  r e la x a t io n  a b so rp tio n  may be s m a ll in  
com parison . I f  th e  f r a c t io n a l  e r r o r  o f  an a b so r p tio n  m easurement 
i n  t h i s  r e g io n  i s  la r g e r  than th e  m o lecu la r  a b so r p tio n  th en  no 
m easurement o f  th e  r e la x a t io n  tim e i s  p o s s ib l e .  As a r e s u l t  o f  t h i s  
th e  s h o r t e s t  r e la x a t io n  tim e m easurable w ith  th e  ap p aratu s was 'v 10” 8 
s e c o n d s .
4 . 2 .  The Tone B u rst
A ton e  b u r s t  c o n s i s t s  o f  a number o f  c y c le s  g a ted  from  a  
con tin u ou s wave to  g iv e  a p a ck et o f  sound en ergy  which t r a v e l s  w ith  
a group v e lo c i t y
do)
v g = dk 4 *2“1
2*itwhere k i s  th e  wave v e c to r  e q u a l t o  -y - • The group v e l o c i t y  i s  r e la t e d  
to  th e  phase v e l o c i t y  by th e  r e la t io n s h ip
dv -
Vg = VP ^ • 2"2
The a b so r p tio n  th a t  i s  m easured in  a to n e  b u r s t  e ^ e r im e n t  w i l l
v
d i f f e r  from t h a t  in  a co n tin u o u s wave ejq>eriment by a f a c t o r  -E. 
Nozdrev how ever, has shown th a t  i f  th e  number o f  c y c le s  in  th e  
tone b u r s t  i s  g r e a te r  than 1 5 , th e  e r r o r  in  m easuring a b so r p tio n  i n  
m od era te ly  d is p e r s iv e  m edia i s  sm a ll enough t o  be ig n o r e d . The number 
o f  c y c le s  p er  b u r s t  u sed  in  t h i s  in v e s t ig a t io n  was 30 .
The freq u en cy  ch osen  f o r  th e  m easurem ents was 1 MHz, T h is was 
f o r  two r e a s o n s .  The f i r s t  b e in g  th a t  t h i s  was th e  lo w e s t  freq u en cy  
p o s s ib le  w ith  th e  a v a i la b le  b u f fe r  rod s ( c . f ,  s e c t io n  4 ,1 ). The se c o n d , 
t h a t  a v ery  s ta b le  freq u en cy  so u rce  was a lr e a d y  a v a i la b le  t h a t  had
a s  i t s  upper fre q u en cy  decade 1 t o  2 MHz (The need  f o r  a s t a b le  sou rce  
i s  e x p la in e d  in  s e c t io n  4 . 4 ) .
At 1 MHz th e  w avelen gth  o f  sound in  room tem perature hydrogen
i s  ap p rox im ate ly  1 mm. For a 7 .5  mm r a d iu s  p is to n  r a d ia to r  t h i s
r 2g iv e s  a l i m i t  t o  th e  F r e sn e l zon e,  - y  where r  i s  th e  r a d ia to r  
d ia m e te r , o f  56 mm. In  o rd er  th a t  any e r r o r s  a r is in g  from  broa­
d en in g  o f  th e  sound beam be m in im ised , th e  maximum a c o u s t ic  path  
le n g th  in  th e  chamber over  which a b so r p tio n  and v e lo c i t y  m easure­
m ents were made had t o  be l e s s  than 56 mm.
A to n e  b u r s t  o f  30 c y c le s  a t  1 MHz in  room tem peratu re hydrogen  
o c c u p ies  30 mm. To a v o id  s ta n d in g  w aves, t h e r e f o r e ,  th e  minimum 
t r a n s m it t e r - r e c e iv e r  se p a r a tio n  had t o  be g r e a te r  than 15 mm. In  
p r a c t ic e  a s  th e  p r e s su r e  was low ered  th e  s ig n a l  became to o  sm a ll  
t o  b e  se e n  above th e  n o is e  a t  a d is ta n c e  o f  15 mm. The r e a so n s  fo r
f
t h i s  were tw o fo ld . F i r s t l y ,  th e  a t te n u a t io n  in c r e a se d  a s  t h e  p- r a t i o
was in c r e a s e d  and s e c o n d ly , th e  a c o u s t ic  impedance m ism atch betw een
th e  b u f fe r  rod s and th e  gas in c r e a s e d  a s  th e  gas p r e ssu r e  d e c r ea se d
so  t h a t  l e s s  en ergy  co u ld  be tr a n sm itte d  a c r o ss  th e  gas -  s o l i d
in t e r f a c e s  fu r th e r  r ed u c in g  th e  s ig n a l  l e v e l  a t  th e  r e c e iv e r .  How- 
fe v e r ,  a t  la r g e  ^  v a lu e s ,  when th e  a b so r p tio n  was h ig h , th e  minimum 
se p a r a t io n  cou ld  be reduced  b ecau se  i n  t r a v e l l i n g  30 mm th e  b u r s t  
was s o  h ig h ly  a t te n u a te d  th a t  i t  was n o t  la r g e  enough t o  cau se  
a p p r e c ia b le  in t e r f e r e n c e •
The th e o r y  p r e sen te d  in  Chapter two i s  b ased  on sm a ll l in e a r  
d isp la cem en ts  from e q u ilib r iu m . I f  th e  sound wave am plitude becom es 
to o  la r g e ,  l in e a r iz a t io n  i s  n o t  v a l id  63 and the th eo ry  i s  n o t  
a p p l ic a b le .  I t  has been found th a t  t h i s  i s  th e  c a se  when th e  sound  
wave i n t e n s i t y  ex ceed s 4 W atts m“2 In  t h i s  in v e s t ig a t io n  t h e
maximum power a v a i la b le  from th e  u l t r a s o n ic  g e n e r a to r  was o f  th e  
order o f  10 W atts RMS. However, ton e  b u r s t s  e n te r in g  th e  gas d id  
n o t  have i n t e n s i t i e s  commensurate w ith  t h i s .
The c h a r a c t e r i s t ic  impedance o f  fu se d  s i l i c a  i s  
12k5 x 108 Kg n r^ s” 1, w h i l s t  t h a t  o f  hydrogen a t  STP i s  
1 .4  x 10”2 Kg m ^ s ” 1 f a l l i n g  to  1 .4  x lO ^ K g  n f^ s" 1 a t  one hundreth  
o f  an atm osphere. The tr a n sm iss io n  c o e f f i c i e n t  f o r  norm al in c id e n c e  
a t  a s i l ic a -h y d r o g e n  in te r f a c e  i s  
4 Z Z
T = ------— —  H .2 -3
(Zj+Z.,)2
where Zj and Z2 are  th e  c h a r a c t e r i s t ic  im pedances o f  s i l i c a  and 
hydrogen . S u b s t i tu t in g  th e  n u m erica l v a lu e s  f o r  Z1 and Z2 in to
4 . 2 - 3  shows th a t  th e  tr a n sm itte d  i n t e n s i t y  i s  o n ly  a f a c t o r  o f  
4 x 10~5 o f  th e  i n t e n s i t y  in c id e n t  on th e  in te r f a c e  a t  STP, f a l l i n g  
to  4  x 10” 7 a t  one hundreth o f  an atm osphere. For th e  15 mm d iam eter  
fu s e d  s i l i c a  b u f fe r  rod and tra n sd u cer  d r iv en  by th e  g e n e r a to r  u sed  
in  t h i s  i n v e s t i g a t i o n ,  th e  i n t e n s i t y  o f  a ton e  b u r s t  tr a n sm itte d  
in t o  th e  gas was n ev er  g r e a te r  than 2 .4  W atts m“2 .
The r e f l e c t i o n  c o e f f i c i e n t  a t  th e  b u f fe r  ro d -g a s  in t e r f a c e  i s  
v i r t u a l l y  u n i t y .  C on seq u en tly , m ost o f  th e  en erg y  in c id e n t  h e r e  i s  
r e f l e c t e d  back a lo n g  th e  r o d . The v e l o c i t y  o f  sound in  fu s e d  s i l i c a  
i s  5 .7  x I 0 3ms~1 so  th a t  a 30 c y c le  to n e  b u r s t  o c c u p ie s  172 mm o f  th e  
b u f fe r  rod  a t  any in s t a n t .  To e lim in a te  in te r f e r e n c e  a t  th e  tr a n sd u c e r  
betw een th e  o u tg o in g  p u ls e  and i t s  r e f l e c t i o n  from t h e  s i l i c a - g a s  
i n t e r f a c e ,  th e  b u f fe r  rod had t o  be more than 86 mm in  l e n g t h .
I f  p i e z o e l e c t r i c  tra n d u cers  a re  under-damped (h ig h  m ech a n ica l Q) 
th ey  co n tin u e  t o  v ib r a te  f o r  a tim e a f t e r  th e  e l e c t r i c a l  s ig n a l  has
cea sed  ( F i g .  4 . 1 ) .  T h is means th a t  a 30 c y c le  lo n g  v o lta g e  b u r s t  
a p p lie d  t o  a  tra n sd u cer  produces an a c o u s t ic  b u r s t  o f  g r e a te r  le n g th ,  
th e  a d d it io n a l  le n g th  b e in g  a fu n c t io n  o f  th e  amount o f  damping or  
th e  m ech an ica l Q o f  th e  tra n sd u c er  6 5 . A h e a v i ly  damped tra n sd u c er  
(low  Q) s to p s  v ib r a t in g  v ery  q u ic k ly  a f t e r  th e  end o f  th e  e l e c t r i c a l  
s ig n a l  (F ig u re  4 . 1 ) ,  and on f i r s t  c o n s id e r a t io n  t h i s  w ould be th e  
c o n d it io n  r e q u ir e d  to  keep  th e  minimum rod se p a r a tio n  a s  sm a ll a s  
p o s s ib l e .  However, low  Q a l s o  means a w ide freq u en cy  r e sp o n se  and 
a low  e f f i c i e n c y  which cou ld  n o t  be t o le r a t e d  in  a system  where 
e v e ry  b i t  o f  s ig n a l  s tr e n g th  was r e q u ir e d  and th e  s ig n a l  t o  n o is e  
r a t i o  had to  be k e p t a s  h ig h  a s  p o s s ib l e .  C on seq u en tly , th e  Q o f  th e  
tra n sd u c er s  was a compromise and th e  a d d it io n a l  le n g th  o f  th e  p u ls e  
due t o  r in g in g  was a l s o  c o n s id er e d  when d e c id in g  th e  minimum rod  
le n g th  and minimum rod  se p a r a tio n ;  The r e p e t i t i o n  r a te  o f  th e  to n e  
b u r s ts  had to  be low enough to  a llo w  a l l  e c h o e s  and s t r a y  s i g n a l s ,  in  
th e  r o d s , su p p ort frame and g a s ,  to  d ecay  b e fo r e  th e  o n s e t  o f  th e  
n e x t  p u ls e  in  ord er  t o  a v o id  in te r f e r e n c e .  T h is r a te  had to  be k e p t  
a s  la r g e  as p o s s ib l e ,  how ever, to  s a t i s f y  req u irem en ts  o f  th e  
r e c e p t io n  system  d e sc r ib e d  in  s e c t io n s  3*4 and 4 ; 4 .  The chosen  
r e p e t i t i o n  r a te  was a compromise a t  ap p rox im ate ly  100 b u r s t s  p er  
seco n d ,
4 . 3 ,  The Pressure-T em perature Environm ent
In order t o  m easure u l t r a s o n ic  a b so r p tio n  a s  a fu n c t io n  o f  
p r e ssu r e  and tem perature i t  i s  n e c e s s a r y  to  h o ld  th e  t e s t  gas a t  known 
v a lu e s  o f  P and T o v er  a g iv en  ra n g e . For t h i s  in v e s t ig a t io n  th e  
p r e ssu r e  was t o  vary  from one atm osphere down t o  near zero  and th e  
tem perature from room tem perature up to  1000°K . H e r z fe ld  and 
L it o v i t z  (1959)  p . 221 3 2 p o i n t  o u t th a t  s in c e  th e  in f lu e n c e  o f  s m a ll
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q u a n t i t ie s  o f  im p u r it ie s  on th e  r e la x a t io n  tim e can be la r g e ,  a 
system  w hich a llo w s  th e  gas to  f lo w  through c o n t in u o u s ly  d u r in g  th e  
m easurem ents would be d e s ir a b le .  For econom ic r e a so n s  th e  la r g e  
q u a n t i t ie s  o f  gas r e q u ir e d  f o r  such a system  c o u ld  n o t  be contem­
p la t e d .  As a r e s u l t  a system  th a t  c o u ld  be evacu ated  and d e g a ssed  
to  a h ig h  degree o f  p u r i ty  was r e q u ir e d . A s e a le d  s t a i n l e s s  s t e e l  
tube e n c lo s e d  in  a h igh  tem perature fu rn ace  and co n n ected  t o  a 
vacuum system  f u l f i l l e d  th e  above req u ire m en ts .
The th e o ry  p r e se n te d  in  Chapter Two i s  s t r i c t l y  v a l id  o n ly  fo r  
i n f i n i t e  sp a c e . A tube w i l l  m odify  th e  p rop agation  c h a r a c t e r i s t i c s  66 
t o  a  c e r t a in  e x t e n t .  A sk in  depth can be d e fin e d
which i s  th e  l i m i t  o f  th e  e f f e c t  due to  th e  tu b e w a l l .  For th e  g a s e s  
under in v e s t ig a t io n  h ere  r Q i s  o f  th e  ord er o f  1 0 “2mm a t  STP r i s i n g  
t o  lCT^mm a t  one hundreth o f  an atm osphere. For a tube o f  r a d iu s  say  
25 mm, r Q << r ,  f u l f i l l i n g  th e  so  c a l l e d  *wide tube* c o n d it io n  f o r  
which th e  fo l lo w in g  r e la t io n s h ip s  are v a l i d .  The v e l o c i t y  m easured  
in  th e  tu b e , v t  i s
i t  can be s e e n  t h a t  f o r  a tube o f  r a d iu s  25 mm a t  STP, d i f f e r s  from
atm osphere by fo u r  p a r ts  in  a thousand which i s  much l e s s  than th e  
ex p er im en ta l e r r o r  a t  th e se  p r e s s u r e s .
4 . 3 - 2
v open by o n ly  fo u r  p a r ts  in  t e n  th ou san d , and a t  one hundreth o f  an
-  78 -
The a d d it io n a l  a b so r p tio n  a r is in g  from th e  t u b e ,  a^ ,  i s  g iv en
by “
t
66
at  = 2H ^ { l  + (Y -d ( ^ ) 5}  <*.3-3
V p  V  J
fo r  hydrogen a t  STP w ith  a freq u en cy  o f  1 MHz ct  ^ ~ 3 x iO ~3a c ^agg 
which a g a in  i s  very  much sm a lle r  than  th e  e x p er im en ta l e r r o r  in  
th e  m easured a b so r p t io n . At low er p r e s su r e s  a becomes la r g e r  b u t  
th e  ex p e r im en ta l e r r o r  in  th e  m easured a b so r p tio n  a l s o  in c r e a s e s .
The fu rn ace  purchased  f o r  t h i s  work had a bore o f  2 j  in c h e s  
a llo w in g  a tube w ith  an in t e r n a l  r a d iu s  g r e a te r  than 25 mm s c  t h a t ,  
as shown ab o v e , th e  c o r r e c t io n s  due t o  th e  tube were sm a ll compared 
w ith  th e  u n c e r ta in ty  o f  m easurement and co u ld  be ig n o r ed .
The m ost co n v e n ien t tra n sd u c er s  th a t  o p era te  in  th e  m egahertz  
r e g io n  a re  th e  p i e z o e l e c t r i c  ceram ic ty p e  w hich have a C urie tem pera­
tu r e  in  th e  range o f  6 0 0 -8 0 0 °K. Above t h i s  tem perature t h e ir  p ie z o ­
e l e c t r i c  p r o p e r t ie s  break down. The fu rn a ce  c o u ld  be o p era ted  a t  
a much h ig h e r  tem peratu re than t h i s  s o  th a t  p i e z o e l e c t r i c  tr a n sd u c e r s  
cou ld  n o t be used  in s id e  i t .  The s o lu t io n  was t o  tr a n sm it  th e  sound  
through b u f fe r  rod s made o f  fu se d  s i l i c a  w hich has a low  th erm al 
c o n d u c t iv i t y ,  low a c o u s t ic  a b so r p tio n  and i s  v ery  tem peratu re s t a b le  
up to  1300°K. C o n sid era tio n  had t o  be g iv e n  t o  th e  d im en sion s o f  
th e s e  rod s as m entioned in  s e c t io n  4 . 2 ,  b u t s t r u c t u r a l  l im i t a t io n s  
d ic t a t e d  a le n g th  o f  about 500 mm.
A lthough th e  need  fo r  e x a c t  p a r a l le l i s m  o f  tr a n s m itte r  and 
r e c e iv e r  was n o t  as c r i t i c a l  fo r  t h i s  apparatus as f o r  an i n t e r ­
fe r o m e te r , i t  was s t i l l  n e c e ssa r y  to  c o n f in e  movement o f  t r a n s m it t e r
and r e c e iv e r  t o  an a x is  p e r p e n d ic u la r  t o  th e  fa c e s  o f  th e  tra n sd u cers  
in  order t o  m easure th e  tr u e  a b so r p tio n  v a lu e . C on seq u en tly , some 
form o f  a lign m en t system  was r e q u ir e d  which in c lu d ed  th e  f a c i l i t y  
to  move th e  tr a n s m itt in g  b u f fe r  rod  a x i a l l y  w ith  r e s p e c t  t o  th e  
r e c e iv in g  on e .
The tr a n s m itte r  was moved in  p r e fe r e n c e  to  th e  r e c e iv e r  as  
t h i s  o f fe r e d  an improvement in  th e  s ig n a l  t o  n o is e  r a t i o .  I f  th e  
tr a n sm itte d  s ig n a l  am plitude i s  S ,  th e  n o is e  in tro d u ced  by movement 
i s  Ns and th e  r e d u c tio n  in  s ig n a l  l e v e l  betw een t r a n s m it te r  and 
r e c e iv e r ,  in c lu d in g  m ism atching and a b s o r p t io n , i s  g iv e n  by a 
f a c t o r  R, one has th e  fo llo w in g
Case ( i )  Movement o f  R e c e iv e r
T o ta l r e c e iv e d  a c o u s t ic  am plitude N + RS
RSS ig n a l  t o  n o is e  r a t i o  pr-N
Case ( i i )  Movement o f  T ran sm itter
T o ta l r e c e iv e d  a c o u s t ic  am p litu d e R(N + S)
g
S ig n a l  t o  n o is e  r a t i o  —
S in c e  th e  tr a n sm iss io n  c o e f f i c i e n t  a t  th e  rod gas in t e r f a c e  was s o  
sm a ll (1 0 ~ 5 ) th e  d i f f e r e n c e  betw een C ases ( i )  and ( i i )  was c o n s id e ­
r a b le  and th e  argument f o r  m oving th e  tr a n s m itte r  very  s tr o n g .
The c o e f f i c i e n t  o f  th erm al exp an sion  o f  s t a i n l e s s  s t e e l  i s  
11 x icr6 °K_1 which g i v e s ,  f o r  a tu b e le n g th  o f  one m etre and a 
tem peratu re change o f  1000°K , a change in  le n g th  o f  ap p rox im ate ly  
one c e n tim e tr e . A p r o to ty p e  o f  th e  ex p e r im en ta l apparatus r e l i e d  
on th e  tube i t s e l f  fo r  a lig n m en t. Each run was to  ta k e  p la c e  a t  a 
f ix e d  tem perature and th e  exp an sion  was to  be a llo w ed  f o r .  T h is
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proved unw ise b ecau se  a t  h ig h  tem p eratu res th e  exp an sion  was 
accom panied by bending or sa g g in g  o f  th e  tube and a lign m en t was l o s t .  
The m easured change in  a lign m en t was o n ly  4 m inutes o f  a r c  p e r  
100°K b u t t h i s  was s u f f i c i e n t  to  red u ce th e  r e c e iv e d  s ig n a l  t o  a 
l e v e l  a t  w hich  m easurem ents were im p o ss ib le  a t  1000°K. In th e  
f i n a l  v e r s io n ,  th e  su p p o rts  w hich a l ig n  th e  b u f fe r  rod s a x i a l l y  
were d ecou p led  from th e  h ea ted  s e c t io n  by bronze b e llo w s  (F ig u re  
3 . 2 ) .  The sy stem  had t o  rem ain ev a cu a b le  s o  t h a t  th e  d e c o u p lin g  
e lem en t needed t o  be vacuum t i g h t .  The end f la n g e s  w ere d e s ig n ed  
(a )  t o  a l ig n  th e  b u f fe r  rod s a lo n g  a c e n tr a l  a x i s ,  (b)  t o  a llo w  
movement o f  th e  rods a lo n g  t h i s  a x i s ,  ( c )  to  p ro v id e  e n tr y  fo r  th e  
t e s t  gas and tem peratu re and p r e ssu r e  s e n s in g  e le m e n ts , (d )  to  
d ecou p le  th e  a l ig n e d  p a r t  from th e  h e a ted  tube and ( e )  t o  perform  
th e se  fu n c t io n s  w h i l s t  m a in ta in in g  a vacuum ( c . f .  S e c t io n  3 . 1 ) .
The vacuum s e a l  betw een th e  b u f f e r  rods and th e  end f la n g e s  and 
betw een th e  end f la n g e s  and th e  tube was p ro v id ed  by ' 0 T r in g  
s e a l s .  To p r o t e c t  them from th e  h e a t  a t  th e  c e n tr e  o f  th e  s t a i n -  
l e s s  s t e e l  tube some form o f  c o o lin g  o f  th e  tube was r e q u ir e d .
The c o e f f i c i e n t  o f  th erm al c o n d u c t iv ity  o f  s t a i n l e s s  s t e e l  
i s  ap p roxim ately  25 W n f 10 K“ 1. The d is ta n c e  betw een th e  h o t  z o n e , 
assumed t o  be a t  1300°K, and th e  end f la n g e ,  t o  be k e p t a t  300°K, 
was 25 cm s o  th a t  th e  h e a t  f lo w  down th e  t u b e , o f  w a l l  c r o ss  
sec tio n v u  700 mm2 , was 85 W atts. A w ater  ja c k e t  w ith  w ater  e n t e r in g  
a t  290°K was a b le  t o  carry  t h i s  away w ith  a flo w  r a te  o f  120 cc  p er  
m in u te . The ; th erm al c o n d u c t iv ity  o f  th e  s t a i n ­
l e s s  s t e e l  p ro v id ed  as a bonus a sm oother tem peratu re p r o f i l e  on 
th e  in s id e  o f  th e  tu b e than was p r e se n te d  o u ts id e  by th e  fu r n a c e .
T h is h e lp ed  to  m in im ise any tem perature g r a d ie n ts  a lo n g  th e  a c o u s t ic  
p a th .
By m easuring th e  change in  s ig n a l  l e v e l  f o r  a g iv e n  change in  
th e  a c o u s t ic  p ath  le n g th ,  th e  a b so r p tio n  cou ld  be found w ith o u t  
know ledge o f  th e  i n i t i a l  s ig n a l  s tr e n g th  or  o f  l o s s e s  a t  th e  
v a r io u s  in t e r f a c e s  betw een t r a n s m itte r  and r e c e iv e r .  The accu racy  
w ith  w hich th e  a b so r p tio n  c o e f f i c i e n t  c o u ld  be found was determ ined  
in  p a r t  by th e  accu racy  w ith  which th e  change in  th e  p a th  le n g th  
c o u ld  be m easured. The same a p p lie d  fo r  th e  measurement o f  v e lo c i t y .  
W ith th e  d e te c t io n  sy stem  d e sc r ib e d  in  th e  f o l lo w in g  s e c t i o n ,  th e  
accu racy  was a l s o  a f f e c t e d  by th e  co n sta n cy  o f  th e  r a te  o f  in c r e a s e  
o f  p ath  le n g th . A m icrom eter d r iv en  by a low sp eed  synchronous  
e l e c t r i c  m otor and con n ected  d i r e c t ly  t o  th e  tr a n s m it t in g  b u f f e r  
rod p ro v id ed  both  a c c u r a te  d isp la cem en t m easurement and a l in e a r  
change in  path  le n g th  ( c . f .  S e c t io n  3 . 6 ) .
S ig n a l  R ecep tion  and Measurement
The s im p le s t  method o f  m easuring th e  a b so r p tio n  c o e f f i c i e n t  
o f  a gas i s  t o  ob serve th e  r e c e iv e d  to n e  b u r s ts  on an o s c i l lo s c o p e  
and t o  m easure th e  change in  b u r s t  am plitude fo r  a m easured change  
in  th e  path  le n g th . T h is i s  u s u a l ly  done by i n s e r t in g  a c a l ib r a t e d  
a tte n u a to r  betw een th e  r e c e iv e r  and th e  o s c i l l o s c o p e ,  n o t in g  th e  
h e ig h t  o f  a p a r t ic u la r  c y c le  o f  th e  b u r s t ,  a l t e r in g  th e  p ath  le n g th  
and then  r e tu r n in g  th e  chosen  c y c le  to  i t s  o r ig i n a l  h e ig h t  by 
adjustm ent o f  th e  a t te n u a to r . The a t te n u a t io n  f o r  th e  change in  
p ath  le n g th  i s  th en  read  d i r e c t ly  o f f  th e  a t te n u a to r . T h is method  
works w e l l  when th e  p r e s su r e  o f  th e  gas i s  h ig h  b u t as th e  p r e s su r e  
i s  reduced  th e  s ig n a l  t o  n o is e  r a t i o  o f  th e  r e c e iv e d  b u r s t  f a l l s  
u n t i l  a  p o in t  i s  reach ed  where i t  i s  no lo n g e r  p o s s ib le  to  d is c e r n  
th e  change in  s ig n a l  am plitude when th e  p ath  le n g th  i s  a l t e r e d  
b ecau se  o f  th e  n o is e  on th e  s ig n a l .  T h is s e t s  th e  l i m i t  on th e
s h o r t e s t  r e la x a t io n  tim e m easurable a s  d e sc r ib e d  in  s e c t io n  4 . 1 ,
To m easure s h o r te r  r e la x a t io n  tim es  th e  s ig n a l  to  n o is e  r a t i o  must 
be red u ced .
When a l l  e f f o r t s  t o  m axim ise th e  s ig n a l  to  n o is e  r a t i o  a t  th e  
o u tp u t o f  th e  r e c e iv in g  a m p lif ie r  had been  made (su ch  as m axim ising  
th e  in p u t  s ig n a l  power w ith in  th e  l im i t  s e t  in  s e c t io n  4 . 2 ,  e l e c t r i ­
c a l l y  m atching th e  r e c e iv in g  tra n sd u cer  to  th e  r e c e iv in g  a m p li f ie r  
and f i l t e r i n g  out low freq u en cy  n o i s e )  fu r th e r  improvement co u ld  
o n ly  be made by p r o c e s s in g  th e  r e c e iv e d  s ig n a l .  A sy stem  w hich  
o f f e r s  a la r g e  improvement in  th e  s ig n a l  t o  n o is e  r a t i o  has been  
d e sc r ib e d  and a n a ly sed  by W illiam son  and Eden 6 1 *6 7 , The sy stem  as  
adapted f o r  t h i s  work i s  f u l l y  d e sc r ib e d  in  Chapter T hree. A 
d e s c r ip t io n  o f  th e  o p e r a tin g  p r in c ip le s  i s  p r e se n te d  h e r e .
A sch e m a tic  o f  th e  b a s ic  system  i s  shown in  F igu re 3 . 7 .  The 
s ig n a l  v o lta g e  a t  th e  r e c e iv in g  tra n sd u cer  i s  f i r s t  a m p lif ie d  and 
th en  dem odulated in  a phase s e n s i t i v e  d e te c to r  (PSD),  by com paring  
i t  w ith  a con tin u ou s r e fe r e n c e  s in e  wave d e r iv e d  from th e  same 
so u rce  as th e  in p u t b u r s t .  The dem odulated s ig n a l  i s  th en  sam pled  
and averaged  in  a b oxcar in te g r a t o r .  The ou tp u t v o lta g e  o f  th e  
b oxcar as a fu n c tio n  o f  th e  change in  a c o u s t ic  p ath  le n g th  can be  
a n a ly sed  to  f in d  a  and X.
The a c t io n  o f  th e  P .S .D .  6 8 ,69 i s  t o  m u lt ip ly  th e  n o is y  
s ig n a l  by a square wave o f  th e  same freq u en cy  as th e  r e fe r e n c e  s in e  
w ave, w. In term s o f  F o u r ier  components th e  square wave can be  
w r it te n  as : -
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The s ig n a l  p lu s  n o is e  c o n ta in s  th e  s ig n a l  term  Vg c o s (w t + <f>) 
so  th a t  m u lt ip ly in g  V ^ by y i e l d s  among o th e r s  a term
VgCOs(wt + <J>)cos tot 
which i s  proportional to
VgCos <{> + VgCOs(2 wt + <}>)
a low p a ss  f i l t e r  can th en  be u sed  t o  remove a l l  components c o n ta in in g  
w, w hich w i l l  in c lu d e  a l l  n o is e  te r m s , le a v in g  th e  D.C. component 
Vg co s  <J> (and  to  a l e s s e r  e x te n t  components a t  th e  odd h a rm o n ics).
Vg r e p r e s e n ts  th e  am plitude o f  th e  s ig n a l  or in  th e  c a se  o f  a to n e  
b u r s t  th e  b u r s t  e n v e lo p e , and <j> r e p r e s e n ts  th e  phase a n g le  betw een  
r e fe r e n c e  and r e c e iv e d  s ig n a l s .
I f  th e  a c o u s t ic  path  le n g th  betw een TX and RX in  F ig . 3 .7  
i s  such  th a t  th e  tr a n sm itte d  s ig n a l  a r r iv e s  in  phase w ith  th e  
r e fe r e n c e  (6  = 0 ) ,  th e  ou tp u t o f  th e  PSD i s  s im p ly  th e  e n v e lo p e  o f  
th e  r e c e iv e d  b u r s t .  I f  th e  p ath  le n g th  i s  in c r e a se d  by one h a l f  
w avelen g th  o f  sound in  th e  medium s e p a r a t in g  th e  tra n sd u c er s  th e  
tr a n sm itte d  s ig n a l  w i l l  a r r iv e  180° ou t o f  phase w ith  th e  r e fe r e n c e  
and th e  PSD ou tp u t w i l l  be th e  e n v e lo p e  o f  th e  r e c e iv e d  b u r s t  b u t  
o f  n e g a t iv e  s ig n .  In b etw een , as p ath  le n g th  i s  in c r e a s e d , th e  d e la y  
tim e and co n seq u en tly  <}> in c r e a s e  so  t h a t  th e  am plitude o f  th e  e n v e lo p e  
v a r ie s  a #  c o s l  6 - b e in g  a p o s i t i v e  maximum each  tim e th e  p ath  le n g th  
i s  in c r e a s e d  by a  fu r th e r  w a v e len g th .
The b oxcar in te g r a t o r  i s  b a s i c a l l y  a sam ple and h o ld  sy stem  
th e  sam p lin g  tim e o f  which i s  determ ined  by a r e fe r e n c e  p u ls e  
d e r iv e d  from th e  same so u rce  th a t  t r ig g e r s  th e  s ig n a l  b e in g  
sam pled 6 9 ,7 0 ,7 1   ^ j n a p p l ic a t io n  shown in  F igu re  3 .7  th e  b o x ca r
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i s  used  in  th e  ' s i n g l e  p o in t  mode' s o  th a t  th e  t im in g  and w id th  
o f  th e  sam p ling  g a te  op en in g  i s  such t h a t  i t  alw ays c o in c id e s  w ith  th e  
c e n t r a l  r e g io n  o f  th e  to n e  b u r s t  en v e lo p e  ( c . f .  S e c t io n  3 .4 ) .  Thus
y
o n ly  th e  D.C. am plitude o f  th e  b u r s t  en v e lo p e  p lu s  th e  a s s o c ia t e d  
n o is e  i s  a p p lie d  t o  th e  memory c a p a c ito r  o f  th e  sam ple and h o ld  
w hich forms an RC network w ith  th e  g a te  r e s i s t a n c e .  The c a p a c ito r  
ch arges over  a number o f  c y c le s  to  th e  DC l e v e l  and th e  n o is e  
averages o u t to  z e r o . The o u tp u t i s  v ia  a h ig h  inpedance b u f fe r  
and a low p a ss  f i l t e r  w hich fu r th e r  red u ces n o is e  f lu c t u a t io n s .
The ou tp u t o f  th e  b oxcar  in t e g r a t o r ,  V , b e in g  th e  tim e  v a r ia ­
t io n  o f  th e  ton e  b u r s t  peak h e ig h t  w i l l  vary  w ith  tra n sd u c er  
se p a r a tio n  as fo llo w s
V  =  V Qe ~ a d s i n j ^  +  © j  4 . 4 - 2
where d i s  th e  tra n sd u c er  s e p a r a t io n , a and X are  r e s p e c t iv e ly  th e  
a b so r p tio n  c o e f f i c i e n t  and w avelen gth  o f  sound in  th e  medium 
betw een th e  tra n sd u cers  and G i s  a c o n s ta n t  p h ase  a n g le  in tr o d u ce d  
by th e  d i f f e r e n c e  betw een th e  e l e c t r i c a l  d e la y s  in  th e  r e fe r e n c e
l i n e  and th e  a c o u s t ic  d e la y s  in  th e  b u f f e r  r o d s . The form o f  V
—ctdcan be seen  in  F igu re 3 .8 .  The en v e lo p e  i s  c h a r a c te r is e d  by e  
and th e  f in e  s tr u c tu r e  by X. A p lo t  o f  V a s  a fu n c tio n  o f  d 
p r o v id e s  b o th  a and X, th e  q u a n tity  ctX b e in g  o b ta in a b le  w ith o u t  
c a l ib r a t io n  o f  th e  d isp la c e m en t. The d e t a i le d  method o f  o b ta in in g  
a ,  X and aX i s  d e sc r ib e d  in  s e c t io n  3 .4 .
For th e  purpose o f  a n a ly s is  th e  PSD may be c o n s id e r e d  as a 
secon d  o r d er  band -p ass f i l t e r  c e n tr e d  on th e  r e fe r e n c e  freq u en cy
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w ith  a n o is e  e q u iv a le n t  bandw idth g iv e n  by 68
U f ] o u t = - f t  ^
where TQ i s  th e  tim e c o n s ta n t  o f  th e  low p a ss  f i l t e r .  For a w h ite  
n o is e  so u rce  th e  n o is e  v o lta g e  i s  p r o p o r t io n a l  to  th e  square r o o t  
o f  th e  n o is e  bandwidth s o  t h a t  th e  improvement in  s ig n a l  t o  n o is e  
r a t i o  i s
V o ltage  s ig n a l  t o  n o is e  r a t io  a t  ou tp u t _ A f]  ^ ^ ^ i n
V o lta g e  s ig n a l  t o  n o is e  r a t io  a t  in p u t “ /fA ^ l ” /
O U t V 4Trt
4 .4 - 4
C le a r ly ,  fo r  a g iv en  in p u t n o is e  bandwidth th e  la r g e r  th e  tim e  
c o n sta n t  TQ th e  g r e a te r  th e  improvement in  th e  s ig n a l  to  n o is e  
r a t i o .  However, when u s in g  to n e  b u r s t s ,  Vg i s  tim e dependent and 
so  i s  a f f e c t e d  by th e  low p a ss  f i l t e r .  To p r e se r v e  th e  p u ls e  
en v e lo p e  t h e r e f o r e ,  TQ must be k e p t s m a ll .  In  t h i s  work was 
5 m icro seco n d s, s o  fo r  a  n o is e  bandwidth o f  1 .5  MHz ( th e  band­
w id th  o f  th e  p r e a m p lif ie r  in  F ig .  3 .9 )  th e  improvement in  v o l ta g e  
s ig n a l  t o  n o is e  r a t i o  in tro d u ced  by th e  PSD was 5 .5  to  1 or  1 4 .8  dB.
The " a d d itio n a l improvement in  s ig n a l  t o  n o is e  r a t i o  due t o  
th e  b oxcar in te g r a t o r  i s  g iv en  by 4 .4 - 4  a s : -
UBSW’,7!
/ [ A f ]  . - ■B g  ‘ 01  T,'out
1
where T^  i s  th e  t o t a l  in t e g r a t in g  tim e e q u a l t o  A tf  t  67 and A t i s
th e  sam ple g a te  w id th s  ^  th e  p u ls e  r e p e t i t io n * fr e q u e n c y , and t  
th e  a v e r a g in g  tim es tak en  t o  be th r e e  tim es  th e  o u tp u t c o n s ta n t .
For a g iv en  Tq t h e n 2 th e  g r e a t e s t  improvement c o u ld  be o b ta in ed  by 
making Tj a s  la r g e  a s  p o s s i b l e ,  i . e .  by m axim ising  A t , f  and t .
At was l im it e d  by th e  w id th  o f  th e  b u r s t  e n v e lo p e: making i t  lo n g e r  
than th e  b u r s t  s im p ly  in tro d u ced  more n o is e  b u t no more s ig n a l ,  f  
was l im it e d  to  100 Hz fo r  th e  reason  s t a t e d  in  S e c t io n  4 .2  w hich  
l e f t  t .  The m agnitude o f  th e  o u tp u t tim e c o n sta n t  t  was l im it e d  by 
th e  r a te  o f  change o f  a c o u s t ic  p a th  le n g th .
I f  th e  tr a n s m itte r  moves away from th e  r e c e iv e r  w ith  a 
v e lo c i t y  v T , th e  v o lta g e  o c c u r r in g  a t  th e  low p a ss  f i l t e r  o f  th e
b oxcar i s  g iv e n  by 4 .4 - 2  and has th e  form VQs in
27rvTt
For a
low p a ss  f i l t e r  o f  tim e  c o n sta n t  T w ith  an in p u t V. s in  a>t i t  canc * o
be shown t h a t  th e  c o n d it io n  f o r  tr a n sm iss io n  i s  th a t  w T < 1 .  Forc
th e  sy stem  in  F ig . 3 .7  t h i s  means th a t  Tc  < 2 ” * • In  p r a c t i c e ,
v,j, was 0 .5  mm p er  m inute and X was a t  t im es  as sm a ll a s  0 .3  mm so
th a t  T had t o  be l e s s  than 6 se c o n d s . The n e a r e s t  tim e c o n s ta n t  c
a v a i la b le  on th e  boxcar in te g r a t o r  was 3 se co n d s .
For th e  b oxcar in te g r a t o r  th e n , th e  v o lta g e  s ig n a l  t o  n o is e  
im orovem ent was
/ At V  .  /5>a0-6xl02x9 =T 30 o r  2 9 .6  dB
0 5xlO“6
g iv in g  an o v e r a l l  improvement in  th e  v o lta g e  s ig n a l  t o  n o is e  r a t i o  
fo r  th e  sy stem  o f  about 44 dBs.
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CHAPTER 5 
EXPERIMENTAL PROCEDURE
As an exam ple o f  th e  procedure fo llo w e d  in  p rod u cin g  a s i n g l e  
(x\ and v v e r su s  f / p  d a ta  s e t ,  th e  reco rd  o f  th e  rim perform ed on 
6th  August 1976 i s  p r e s e n te d . T his was on a m ixtu re  o f  25% A rgon,
75% Hydrogen a t  a tem peratu re o f  473°K.
5 .1 .  P r io r  t o  Run
The system  was pumped c o n t in u o u s ly , under th e  c o n d it io n s  
s p e c i f i e d  in  s e c t io n  3 . 3 .1 ,  fo r  a week p r io r  t o  th e  run a t  a tem pera­
tu r e  100°K h ig h e r  than th e  r e q u ire d  run tem peratu re f o r  th e  purpose  
o f  o u tg a s s in g . During t h i s  p e r io d  th e  p ip in g  e x te r n a l  t o  th e  
chamber was warmed w ith  a h o t a i r  b low er f o r  th e  same p u rp o se . On 
th e  e v en in g  o f  5th  August 1976 th e  tem peratu re c o n t r o l le r  was s e t  
a t  473°K s o  th a t  th e  Chamber would be a t  w orking tem perature by  
m orning. The d isp la cem en t and p r e ssu r e  tra n sd u c er  power s u p p lie d  
were turned  o n , a s  were th e  p r e ssu r e  tra n sd u cer  DVM, th e  d a ta  
lo g g e r  DVM, th e  therm ocouple a m p lif ie r  and th e  therm ocouple DVM 
to  a llo w  them t o  s t a b i l i s e  over  n ig h t .
5*2 . Day o f  Run
6th  August 1976
Room tem perature 24°C.
A tm ospheric P ressu re  768 mm Hg.
Furnace tem perature c o n t r o l le r  therm ocouple r e a d in g
200-C .
Penning Gauge rea d s  2 x 10“ 5 T orr.
Pressure transducer DVM reading 0.000 v o lt s .
0820 L iq u id  N itro g en  tra p  on d i f f u s io n  pump f i l l e d .
Rem aining e le c t r o n ic s  sw itch ed  on.
The b a t te r y  powered DTDU and low n o is e  a m p lif ie r s  were l e f t  o f f  
u n t i l  r e q u ir e d  however
0825 Penning Gauge r e a d in g  1 .2  * 10“5 T orr.
Thermocouple c o ld  ju n c tio n  f la s k  f i l l e d  w ith  
crushed i c e .
0845 C a lib r a te d  therm ocouple DVM r e a d in g  0 .8 1 6  v o l t s
+  474°K.
I n l e t  l i n e  c o ld  trap  f i l l e d  w ith  dry i c e  and 
a lc o h o l  a t  'o 200°K.
0850 M icrom eter s e t  a t  zero  and rod s brought in t o
c o n ta c t  by ad justm ent o f  r e c e iv in g  end b u f fe r  r o d .  
T his c a l ib r a t io n  was perform ed a t  ze ro  p r e ssu r e  w ith  th e  t r a n s ­
m it t in g  and r e c e iv in g  apparatus on . S in ce  th e r e  was no s ig n a l  
p r e s e n t  on th e  r e c e iv e r  u n le s s  th e  rod s w ere to u c h in g  th e  p o in t  
o f  c o n ta c t  was e a sy  t o  d is c e r n .
0930 I n l e t  l in e  c o ld  tra p  sa fe ty -g u a r d  put in  p la c e  and
No Smoking s ig n s  p o s te d .
Thermocouple DVM r e a d in g  0 .8 1 9 .
Argon i n l e t  b e g in s  ( fo l lo w in g  p roced u re o f  s e c t io n
3 .3 .2 ) .
0945 Argon i n l e t  en d s.
Thermocouple JDVM r e a d in g  0 .8 1 7 .
P ressu re  tra n sd u cer  DVM r ea d in g  0 .2 5 0 .
To produce a m ixture d e f in e d  by m ole f r a c t io n s  Xj and x2 o f  argon  
and hydrogen r e s p e c t iv e ly  th e  fo l lo w in g  was n o te d . P r e ssu re  a f t e r
x i R Li n l e t  o f  argon P . = —  -----  , a f t e r  i n l e t  o f  hydrogen
ca se  th e  r e q u ir e d  x^ was 0 .2 5  a t  th e  end o f  th e  argon i n l e t  so  th a t
P
= P/.# ? - and th e  f i n a l  p r e s s u r e , a f t e r  th e  i n l e t  o f  th e  h yd rogen ,
T « u « o  JLV ««
V Ar iwas governed by — «------  = • During th e  i n l e t  o f  th e  secon d
2
component both  P and T had t o  be m onitored  in  ord er t o  f u l f i l  t h i s  
c o n d it io n .
0950 Thermocouple DVM re a d in g  0 .8 1 7 .
P r e ssu re  tra n sd u cer  DVM r e a d in g  0 .2 5 0 .
Hydrogen i n l e t  b e g in s .
(
1030 Hydrogen i n l e t  en d s.
Thermocouple DVM r e a d in g  0 .8 1 5 .
P r e ssu re  tra n sd u c er  DVM re a d in g  0 .9 9 8 .
T h erefore  m ixtu re  25% Argon 75% Hydrogen.
The gas m ixture was then  l e f t  to  come t o  e q u ilib r iu m  fo r  a p e r io d  
o f  th r e e  hours ( s e e  s e c t io n  6 .3 ) .
1045-1345
During t h i s  p e r io d  th e  e le c t r o n ic s  e t c .  w ere prep ared  fo r  th e  
r u n , th e  paper in  th e  d a ta  lo g g e r  paper ta p e  punch and th e  in k  in  
th e  X-Y r e co r d e r  w ere ch ecked . The a lign m en t o f  th e  e le c t r o n i c s  
p roceed ed  as f o l lo w s .
( i )  The in p u t t o  th e  b oxcar in te g r a t o r  (from  th e  PSD
o u tp u t)  was sh o r te d  and th e  o f f s e t  c o n t r o l  a d ju s te d  
t o  g iv e  zero  v o l t s  o u tp u t.
( i i )  The X-Y r e co r d e r  was s e t  f o r  c e n tr e  zero  f o r  th e
Y a x is  and c a l ib r a te d  t o  g iv e  a p lu s-m in u s sw in g  o f  
20 v o l t s  f u l l  s c a le  t o  accommodate th e  f u l l  ± 10 
v o l t s  b oxcar o u tp u t v o l ta g e .  The X a x is  was
c a lib r a te d  t o  g iv e  an X d e f le c t io n  o f  40 mm fo r  
a 10 mm b u f fe r  rod  d isp la c e m en t.
The DVMs w ere c a l ib r a te d  a g a in s t  t h e ir  in t e r n a l  
stan d ard  c e l l s .  (The DVMs had been l e f t  on over­
n ig h t  t o  warm i p ) .
The d isp la cem en t tra n sd u cer  power su p p ly  v o lta g e  
was checked t o  ensure t h a t  i t  was e x a c t ly  10 v o l t s  
(±  0 .0 1  v o l t s )  s in c e  th e  a b s o lu te  v a lu e  o f  th e  
d isp la cem en t tra n sd u c er  o u tp u t v o lta g e  depended on 
i t s  su p p ly  v o l t a g e .
The d isp la cem en t tra n sd u c er  c a l ib r a t io n  was checked  
a t  d isp la cem en ts  0 ,  1 0 , 15 and 30 mm. Any d e v ia ­
t io n  in  th e  c a l ib r a t io n  was due t o  in c o r r e c t  su p p ly  
v o lta g e  ( i v )  or th e  tra n sd u cer  b e in g  in c o r r e c t ly  
p o s it io n e d  in  i t s  h o ld e r .
P re lim in a ry  run perform ed t o  determ ine th e  s ta n d in g  
wave r e g io n  and o p e r a tin g  v o l ta g e s .
For t h i s  run th e  d a ta  lo g g e r  was s e t  t o  stan dby and th e  r e c o r d in g  
mode o n ly  on th e  X-Y r e c o r d e r . The a m p lif ie r  g a in  was s e t  s o  a s  t o  
o b ta in  th e  maximum o v e r lo a d  f r e e  o u tp u t from th e  PSD-Boxcar combina­
t io n  and th e  shape o f  th e  tr a c e  on th e  r e c o r d e r  was exam ined. The 
p r e sen ce  o f  s ta n d in g  waves was s i g n i f i e d  by a n o n - s in u s o id a l  f in e  
s tr u c tu r e  o f  th e  b oxcar  o u tp u t v o lta g e  t r a c e .
1400 Thermocouple DVM r e a d in g  0 .8 1 6 .
P r e ssu re  tra n sd u cer  DVM r ea d in g  0 .9 9 8 .
Run 1 s ta r t e d  f o l lo w in g  procedure s e t  in  s e c t io n  3 .4 .
( i i i )
( i v )
(v )
1345
1420 Run 1 com p lete .
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Thermocouple DVM r e a d in g  0 .8 1 5 ,  run mean = 0 .8 1 5 5  
473°K.
P r e ssu re  tra n sd u cer  DVM r ea d in g  0 .9 9 8 ,  run mean 
= 0 .9 9 8  -> P = 103310 PaC'v 1 a tm .) .
Rods brought to g e th e r  a g a in  ( a s  f a r  a s  minimum 
s e p a r a tio n  d ec id ed  by p r e lim in a r y  r u n ) .
P r e ssu re  low ered .
During th e  run th e  system  co n tin u ed  t o  be pumped by th e  r o ta r y  pump 
as f a r  as V3 ( f ig u r e  3 .6 ) .  To low er th e  p r e ssu r e  VI was f u l l y  
opened* V3 opened a few  tu rn s and some o f  th e  gas m ixture a llo w ed  
to  e sca p e  in t o  th e  e x t e r io r  p ip in g  and through th e  r o ta r y  pump.
When th e  re q u ire d  p r e ssu r e  was reach ed  VI was c lo s e d  and th e  pumping 
c o n tin e d  f o r  a w h ile  b e fo r e  V3 was c lo s e d  t o  en su re  t h a t  th e  dead  
sp ace  betw een V3 and VI was a t  a low er p r e ssu re  than th e  chamber. 
1430 Thermocouple DVM r e a d in g  0 .8 1 6 .
P r e ssu re  tra n sd u cer  DVM r e a d in g  0 .9 2 4 .
Run 2 s t a r t e d .
The procedure was then  r e p e a te d  f o r  22 v a lu e s  u n t i l  th e  chamber 
p r e ssu r e  was down t o  about 0 .0 2  atm. when s ig n a l  tr a n sm iss io n  
became very  d i f f i c u l t .
1945 F in a l  run com p lete .
A l l  e le c t r o n ic s  tu rn ed  o f f .
Rem aining gas in  chamber pumped o f f .
I f  an o th er  run was to  be perform ed s h o r t ly  th e  pumping was c o n tin u ed  
(p rocedu re in  s e c t io n  3 .3 .2 )  i f  how ever th e r e  was to  be a lo n g  
p e r io d  (> 1 week) betw een runs th e  pumps w ere tu rned  o f f  (p roced u re  
in  s e c t io n  3 .3 .1 )  and th e  fu rn ace ten p e ra tu r e  low ered  t o  150°C , 
t h i s  h e lp e d  to  p r e se r v e  th e  p la tin u m  fu rn a ce  w in d in g .
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5 .3 .  F o llow  Up
The d a ta  ta p e s  were p r o c e sse d  u s in g  th e  program STEVE 
(A ppendix 2 ) a t  th e  e a r l i e r s t  o p p o rtu n ity  on th e  Nova 2 m in i­
com puter. At th e  same tim e th e  c l a s s i c a l  a b so r p tio n s  were c a lc u la t e d  
u s in g  th e  program CLABS.SB, The v a lu e s  o f  freq u en cy  t o  p r e s su r e  
r a t i o  v e r su s  e x c e s s  a b so r p tio n  p er  w avelen gth  c a lc u la te d  from th e s e  
w ere th en  punched on to  d a ta  cards and f i t t e d  t o  eqn . 2 .^ -9  u s in g  
an o p t im is a t io n  r o u t in e  on an I  CL 1905 computer ( s e e  s e c t io n s  7 .1  
and 7 .2 ) .
CHAPTER 6
CALIBRATION
6 .1 .  In tr o d u c tio n
To d is c o v e r  how w e l l  th e  apparatus fu n c tio n e d  and to  e s t a ­
b l i s h  a p r a c t i c a l  m easure o f  i t s  a c c u r a c y , th e  f i r s t  m easurem ents 
made w ith  th e  apparatus w ere on argon . The p ro p a g a tiv e  p r o p e r t ie s  o f  
t h i s  m onatom ic, n o n -r e la x in g  gas are  w e l l  known and p r e c i s e ly  
d e sc r ib e d  by th e o r y . M oreover t h i s  gas was l a t e r  to  b e  used  in  
m ixtu re  w ith  hydrogen and e x p e r ie n c e  w ith  i t ,  and d a ta  o b ta in e d ,  
w ould prove u s e f u l .
2 . V e lo c ity  and Tem perature Measurement
With th e  gas in  th e  chamber a t ,  or a b o u t, a tm osp h eric  p r e s su r e  
th e  e r r o r  in  v e lo c i t y  m easurem ents made w ith  th e  co h eren t d e t e c t io n  
system  was e s t im a te d  t o  be o f  th e  ord er o f  0 .0 5  t o  0.1% 6 1 . T h is  
was b ecau se  th e  a t te n u a t io n  was low and many w ave len g th s (>  50 in  
argon) co u ld  be record ed  in  each m easurem ent. A t low er p r e s su r e s  
th e  number o f  w ave len g th s covered  d u rin g  a measurement was g r e a t ly  
reduced  s o  th a t  th e  p e r c en ta g e  e r r o r  in  v e lo c i t y  m easurem ents 
r o se  to  2-5% by th e  tim e th e  p r e s su r e  was down t o  0 .0 2  atm. H owever, 
a t  a tm osp h eric  p r e s s u r e , assum ing th e  v e lo c i t y  o f  sound in  argon t o  
vary w ith  tem perature as p r e d ic te d  by th e o r y , a p lo t  o f  v e lo c i t y  
v ersu s  tem perature w ould determ ine th e  accu racy  o f  tem peratu re  
m easurem ent.
F ig u re  6 .1  i s  a p l o t  o f  v e lo c i t y  v s .  tem perature f o r  argon .
The s o l i d  l i n e  was drawn from e q u a tio n  2 .2 -1 ., w ith  v a lu e s  f o r  y  
and M from T ab les  7 .3  and 7 . if, and th e  c i r c l e s  are  th e  e x p e r i­
m en ta l p o in t s .  M easurements made w ith  an o ld  therm ocouple arra n g e­
ment are  shown as f i l l e d  c i r c l e s .  T h is arrangem ent was found to  
g iv e  a tem perature r e a d in g  in  e x c e s s  o f  th e  tru e  gas tem peratu re  
a t  tem p eratu res above about 200°C. T his was b ecau se  th e  therm o­
c o u p le s  were f r e e  t o  u n c o i l ;  th e  h ig h e r  o n e , con n ected  to  th e  
c o n t r o l l e r ,  dropped in t o  th e  sound f i e l d  w h ile  th e  low er o n e , 
from which th e  gas tem peratu re m easurem ents were ta k e n , dropped  
in t o  c o n ta c t  w ith  th e  h o t  tu b e  w a l l .  The problem  was cured by  
b r a c in g  th e  therm ocouples a g a in s t  th e  su p p o rt c y l in d e r s .  The open 
c i r c l e s  are m easurem ents made w ith  t h i s  arrangem ent. The m easure­
ments were made over  a p e r io d  o f  s e v e r a l  days w ith  s e v e r a l  d i f f e r e n t  
gas sam p les . Time o f  f l i g h t  m easurem ents were a l s o  made t o  check  
on th e  coh eren t d e te c t io n  sy s te m , th e se  agreed  w ith in  th e  ± 0 .5 %  
e r r o r  th a t  was p u t on th e  o s c i l lo s c o p e  tim e b a se . The e r r o r  in  
tem perature measurement was e s t im a te d  t o  be o f  th e  ord er o f  ± 3°C 
over  th e  range 20-200°C  and ± 5°C from 200°C t o  500°C.
6 .3 .  A b sorption  M easurements
As a t e s t  o f  a b so r p tio n  m easurem ents th e  work o f  Greenspan 72 
was r e p ea ted  fo r  argon . T h is was done a t  th r e e  tem p era tu res 473°K, 
673°K and 773eK. The f i r s t  m easurem ents were made a t  673°K and 773°K  
w ith  gas th a t  was su b se q u e n tly  found t o  be con tam in ated . The 473°K  
measurement was made w ith  *R esearch  Grade' argon s u p p lie d  by BOC 
w ith  a quoted  p u r ity  o f  99.999% . The r e s u l t s  are shown in  f ig u r e  6 .2  
p lo t t e d  in  th e  manner used  by Greenspan , both  axes d im e n s io n le s s  
so  th a t  d ata  fo r  a l l  tem p eratu res can be p lo t t e d  on th e  same grap h .
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o 200 C Pure Argon
100 Contaminated Argon
Solution to Burnett 
Equation
-1st 3hrs
7001 0 100
Dirnensionless Plot o f  Argon Absorption Points
The s o l i d  l i n e  i s  th e  r e a l  p a r t  o f  th e  s o lu t io n  o f  th e  B u rn ett  
eq u a tio n  73. The m easurem ents a t  673°K and 773°K l i e  above th e  
t h e o r e t i c a l  l i n e ,  t h i s  i s  c o n s is t e n t  w ith  a contam inated  gas sam p le.
F igu re 6 .2  g iv e s  a q u a l i t a t iv e  v iew  o f  th e  v a l i d i t y  o f  
a b so r p tio n  m easurem ents made w ith  th e  ap p aratu s. A q u a n t i ta t iv e  
m easure o f  a b so r p tio n  accu racy  was o b ta in ed  by ta k in g  th e  H73°K
m easurem ents, ig n o r in g  th o s e  made d u rin g  th e  f i r s t  th r e e  hours
ctP( s e e  s e c t io n  6.M-), and c a lc u la t in g  —  f o r  each  p o in t .  For a g iv en
f 2
v i s c o s i t y  and th erm al c o n d u c t iv ity  t h i s  sh ou ld  b e  a c o n s ta n t  g iv en
by eq u a tio n  2 .3 - 3 .  The mean o f  th e s e  e x p er im en ta l v a lu e s  was
2.2U  x lCT6kg n r2 w ith  a stan dard  d e v ia t io n  o f  0 .0 6  * IQ"6 . E q uation
2 . 3 - 3 s w ith  th e  r e le v a n t  n u m erica l v a lu e s  taken from t a b le  7 .3  w ith
T = H73°K, g iv e s  = 2.2H x 10~6kg m~2 . The th r e e  f ig u r e  co rre sp o n -
f 2
dence i s  f o r t u i t o u s .  The p e r c en ta g e  e r r o r  in  f  was l e s s  than 0.001%
ctPso  t h a t  ta k in g  th e  f r a c t io n a l  e r r o r  in  —  t o  be ± 2 stan d ard
f 2
d e v ia t io n s  th e  w o rst e s t im a te  in  th e  mean e r r o r  in  a i s  'v 5%, b e in g  
somewhat l e s s  a t  sm a ll f /p  and somewhat more a t  la r g e  f /p  v a lu e s .
S t a b i l i s a t i o n  P e r io d
I t  was found t h a t  m easurem ents o f  a b so r p tio n  made s h o r t ly  a f t e r
gas i n l e t  w ere fa r  from th e  t h e o r e t i c a l  p r e d ic t io n  and e r r a t i c
( s e e  f ig u r e  6 .2 ) .  T h is was found to  be due t o  tem perature and
p r e ssu r e  f lu c t u a t io n s  as th e  gas came t o  e q u ilib r iu m . F igu re  6 .3  
i s  a p l o t  o f  te n p e r a tu r e , p r e s su r e  and a b so r p tio n  made over  a 
p e r io d  o f  sev en  hours a f t e r  ga s i n l e t .  The tem perature o s c i l l a t i o n s  
are due to  th e  tem perature c o n t r o l l e r s ’ a ttem p ts  to  s t a b i l i s e  th e  
chamber tem perature a f t e r  th e  i n l e t  o f  c o ld  g a s . The s te a d y  
in c r e a s e  in  p r e s su r e  as th e  gas warms up i s  m o d ified  by th e  tem p eratu re
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o s c i l l a t i o n s .  The com bination  o f  th e s e  cause th e  a b so r p tio n  to  
vary by up t o  ± 0 .0 6  Nepers mm- 1 . As a consequence o f  t h i s  
b eh a v io u r  th e  system  was l e f t  f o r  th r e e  hours a f t e r  gas i n l e t  
b e fo r e  any m easurem ents were made.
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CHAPTER 7
RESULTS FOR ARGON-NORMAL HYDROGEN MIXTURES
In tr o d u c tio n
The apparatus was used  t o  m easure sound v e lo c i t y  and a b so r p tio n  
in  m ix tu res  o f  norm al hydrogen and arg o n , by th e  method d e sc r ib e d  in  
c h a p ter  f i v e ,  a t  th r e e  tem p era tu res; 293°K , 473°K and 673°K . M easure­
m ents were made w ith  9 8 , 90* 5 0 , 2 5 , 10 and 0% o f  argon in  hydrogen .
A t o t a l  o f  tw e lv e  tem perature m ixtu re  com b in ation s were t e s t e d  o u t o f  
a p o s s ib le  e ig h te e n . F ig u res  7 .1  to  7 .1 1  and 7 .1 3  show th e  e x p e r i­
m en ta l v a lu e s  o f  e x c e s s ,  or  m o le c u la r , a b so r p tio n  and v e l o c i t y  squared  
a s  fu n c t io n s  o f  th e  freq u en cy  t o  p r e s su r e  r a t i o ,  w ith  tem peratu re  
and m ixtu re  p ercen ta g e  a s  p aram eters. F igu re  7 .1 2  shows th e  room 
tem perature d a ta  o f  W inter and H i l l  39 f o r  pure nH2 , a n a ly sed  in  th e  
same manner a s  th e  d a ta  tak en  d u rin g  t h i s  i n v e s t i g a t i o n . The s o l i d  
l i n e s  in  each  c a se  were ob ta in ed  from a ’b e s t  f i t ’ o f  eq u a tio n  2 .4 - 9  
t o  th e  e x c e s s  a b so r p tio n  d ata  t o  o b ta in  optimum v a lu e s  o f  C2" ,
Tj" and t2” . These o p tim ise d  v a lu e s  were th en  s u b s t i t u t e d  in t o  
e q u a tio n s  2 .4 - 8  and 2 .4 -9  t o  draw th e  l i n e s .  The o p tim u m C  and x” 
v a lu e s  were tran sform ed  v ia  e q u a tio n s  2 .4 -1 0  and 2 .4 -1 1  t o  o b ta in  th e  
r o t a t io n a l  r e la x a t io n  tim e s  Xj and x2 and th e  r e la x in g  s p e c i f i c  h e a ts  
C1 I and C2 f . These v a lu e s  are p r e se n te d  in  ta b u la r  form in  T able 7 .2 .  
F ig u res 7 .1 4  t o  7 .1 6  are p lo t s  o f  th e  r e c ip r o c a l  o f  th e  r e la x a t io n  
t im es  v e r su s  mole f r a c t io n  o f  argon a t  th e  th r e e  tem p era tu res and 
f ig u r e s  7 .1 7  to  7 .1 9  are p lo t s  o f  th e  t o t a l  r e la x in g  s p e c i f i c  h e a t  
C j’ + C2 ' v e r su s  m ole f r a c t io n  o f  argon*
-  1 0 1  -
7 .2 .  A p p lic a tio n  o f  th e  Theory to  Argon -  Hy dr og en M ixtures
Table 7 .1  shows th e  e n e r g ie s  o f  r o t a t io n a l  t r a n s i t io n s  and th e  
a s s o c ia te d  r e la x in g  s p e c i f i c  h e a t  fo r  pure norm al hydrogen c a lc u la t e d  
from eq u a tio n s  2 .6 - 3  to  2 .6 - 6  *. The u n eq u a lly  spaced  en ergy  l e v e l s  and 
th e  absen ce o f  t r a n s i t io n s  betw een orth o  and para  hydrogen forms s u g g e s ts  
an in d ep en d en t r e la x a t io n  tim e fo r  each  t r a n s i t i o n .  I t  can be se en  
from th e  r e la x in g  s p e c i f i c  h e a t ,  Cr o t , th a t  a t  673°K th e r e  are  te n  
p o s s ib le  t r a n s i t io n s  r e q u ir in g  ten  r e la x a t io n  t im e s . However i t  has  
been shown 60 th a t  a s in g le  ’r e la x a t io n  t im e ’ p r o v id e s  a u s e f u l  f i t  
t o  th e  ex p er im en ta l d a ta  f o r  tem p eratu res up t o  1000°K and two r e la x a ­
t io n  tim es  an improvement on t h i s .
In  ord er  t o  ap p ly  th e  th eo ry  p r e se n te d  in  s e c t io n  2*4 two 
r e la x a t io n  tim es  w i l l  be d e f in e d :  x , th e  e f f e c t i v e  r e la x a t io n  tim e  
fo r  th e  0 -2  and 1 -3  t r a n s i t io n s  ( th e  s h o r te r  r e la x a t io n  t im e )  and xg , 
th e  e f f e c t i v e  r e la x a t io n  tim e f o r  th e  2 - 4 ,  3-5 and h ig h e r  t r a n s i t io n s  
( th e  lo n g e r  r e la x a t io n  t im e ) .  The m agnitude o f  th e  r e la x in g  s p e c i f i c  
h e a ts  a s s o c ia t e d  w ith  th e s e  tim es  Cj ’ and C * are  shown a t  th e  f o o t  
o f  t a b le  7 .1 .
In argon-hydrogen m ix tu res  x and x^ are th e  e f f e c t i v e  r e la x a ­
t io n  tim e s  fo r  a hydrogen m o lecu le  in  th e  m ixtu re  and e q u a tio n s  2 .4 - 3  
and 2 .4 - 4  m ust be r e w r it te n  as
1 _ 1 -x  x
T1 THH1 tAH1
1 _ 1 -x  x
T2 THH2 TAH2
where tuu. are  th e  r e la x a t io n  t im e s  fo r  nH_ in  nH„ and x .„ ,   ^ a re  th e
2  2 Ari *L
r e la x a t io n  tim es  fo r  a s in g le  nH  ^ m o lecu le  in  o th e r w ise  pure argon .
7 .2 - 1
7 .2 -2
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T able 7 .1  S p e c i f i c  H eats and E n erg ie s  o f  T r a n s it io n s  in  Norm al-H ydrogen
Energy C n o rt
1 >-•
T r a n s it io n
(J o u le s  x 1023) 293°K 473°K 673*K
0 -2 702 0 .1 8 7 7 0 .0 6 7 4 0 .0 2 9 9
*
2 -4 1638 0 .0 8 5 4 0 .1 5 7 7 0 .1 3 9 4
4-6 2574 0 .0 0 1 1
<
0 .0 2 5 1 0 .0 7 2 9 Para-H 2
6 -8 3514 0 .0 0 0 0 0 .0 0 0 5 0 .0 0 7 7
8-10 4449 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 2
S u b -T o ta ls  (C ) para 0 .2 7 4 2 0 .2 5 0 7 0 .2 5 0 1
*
1 -3 1170 0 .6 3 6 3 0 .4 8 5 8 0 .2 8 5 4
3-5 2106 0 .0 4 3 8 0 .2 4 9 7 0 .3 7 5 1
5 -7 3043 0 .0 0 0 1 0 .0 1 3 6 0 .0 8 5 4 • Ortho-H^
7-9 4183 0 .0 0 0 0 0 .0 0 0 1 0 .0 0 4 4 •
9 -1 1 4717 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 1
S u b -T o ta ls 0 .6 8 0 2 0 .7 4 8 2 0 .7 5 0 4 -
T o ta l = ( C  + C ) R-1  para o r th o ' 0 .9 5 4 4 0 .9 9 8 9 1 .0005
= ( c '  + c ' )  R"1
c [  R _ 1 0 .8 2 4 0 0 .5 5 3 2 0 .3 1 5 3
c'2 R -1 0 .1 3 0 4 0 .4 4 5 7 0 .6 8 5 2
R = 8 .3 1 4 3  J m ol“1°K~1 U n iv e r sa l Gas C on stant
C  ^ c a lc u la t e d  from s t a t i s t i c a l  M echanical m odel o b ta in ed  from  r o t
J .E . Mayer and M.G. Mayer " S t a t i s t i c a l  M ech an ics11
W iley  (1940) C hapters 6 and 7 
w ith  p a r t i t i o n  fu n c t io n  from: R.R. Fow ler and E .A . Guggenheim " S t a t i s t i c a l  
Thermodynamics" C .U .P . (1960) p p .9 2 -9 3 ,
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Table 7 .2 .
Normal Hydrogen-Argon M ixtures
T°K % Ar
T^xlO3 t xio82 T xlO 10 c
Z1 Z2
S ' S ' Ci +C2 Theorv_
secon d s J m ol“ 1°K‘"1'
100* 2 .36 5 5 .6 0 .6 9 4 340 8010 - 0 .0 7 0 .3 9 0 .3 2 0
98 2 .6 6 2 6 .6 0 .2 2 0 .0 4 0 .2 6 0 .1 6
293 50 1 .2 7 3 .9 1 3 .3 5 1 .3 0 4 .6 5 3 .9 7
o(a) 1 .1 2 1 .8 2 0 .6 0 2 186 302 7 .5 1 0 .3 9 7 .9 0 7.. 94
0* 1 .0 6 1 .8 5 0 .6 0 2 176 307 7 .3 5 0 .7 5 8 .1 1 7 .9 4
100* 1 .4 9 1 4 .7 0 .8 8 2 169 1790 0 .2 4 0 .2 7 0 .5 1 0
98 1 .5 7 2 2 .9 0 .2 6 0 .1 2 0 .3 8 0 .1 7
90 1 .4 6 22 .9 0 .9 7 0 .4 5 1 .4 2 0 .8 3
473 50 1 .5 8 6 .1 4 4 .0 9 1 .2 5 5 .3 4 4 .1 5
25 i .9 5 5 .7 2 5 .6 2 1 .4 2 7 .0 4 6 .2 3
10 2 .1 6 8 .7 2 7 .1 1 0 .8 7 7 .9 8 7 .4 7
0 1 .8 4 28 0 .7 6 5  ' 241 3660 .7 .1 9 1 .8 6 9 .0 5 8 .3 1
0* 2 .0 3 8 .4 0 0 .7 6 5 265 1100 7 .5 2 1 .6 0 9 .1 2 8 .3 1
100* 0 .7 5 8 1 1 .8 1 .05 72 1120 0 .1 6 0 .6 0 0 .7 6 0
90 0 .8 3 0 12 .5 0 .8 9 0 .4 9 1 .3 8 0 .8 3
50 1 .3 4 1 7 .1 3 .4 3 1 .6 7 5 .1 0 4 .1 6
673
25 1 .8 6 4 .7 7 3 .7 4 4 .3 6 8 .1 0 6 .2 4
10 3 .3 3 5 9 .9 6 .9 1 0 .6 4 7 .5 5 7 .4 9
0* 4 .5 8 1 0 .3 0 .9 1 2 502 1130 .6 .5 3 2 .6 3 9 .2 4 8 .3 2
(a) O btained from f i t  to  d a ta  o f  W inter and H i l l 33 
* E x tr a p o la te d  v a lu e s
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S u f f ix  1 a p p l ie s  t o  th e  0 -2  and 1 -3  t r a n s i t io n s  s u f f i x  2 t o  th e  2 - 4 ,  
3-5  and h ig h e r  t r a n s i t i o n s .  E q uations 2 .4 - 6  and 2 .4 - 7  m ust be  
r e d e fin e d  as
C * = ( I - x JCj *(P ure H^)
C 1 = ( l - x )C ^ ' (Pure H2 >
7 .2 -3
7 .2 - 4
E q u ation s 2 .4 - 8  to  2 .4 - 1 1  then  ap p ly  t o  th e  argon hydrogen m ix tu r e s .
The c o l l i s i o n  numbers Z, and Z„ shown in  t a b le  7 .2  were c a lc u la t e d1 2
from e q u a tio n  2 .1 - 2  w ith  tc , th e  mean tim e betw een c o l l i s i o n s ,  o b ta in e d
from 52
—  = 8 .4 0  x 1 0 -9 (a u + cr .)2 T n AC
M +MH A 1 7 .2 -5
g
where a^ and are th e  a p p ro p r ia te  Lennard-Jones param eters ( i n  A ) ,
Mjj and are th e  gram -m olecular w e ig h ts  and T th e  a b s o lu te  tem p eratu re  
(°K ). The v a lu e s  o f  and Mjj are  g iv e n  in  t a b le  7 .4 .
7 .3 .  Method o f  o b ta in in g  C ’^1,  ^2 "* Tl" an^ x z ”
E q u ation s 2 .4 - 8  and 2 .4 - 9  were combined t o  e l im in a te  ( v Q/ v ) 2 and
programmed f o r  u se w ith  a stan d ard  o p t im isa t io n  program. The program
was su p p lie d  w ith  th e  e x c e s s  a b s o r p t io n , d a ta  p o i n t s ,  th e
r e le v a n t  C and C and s u i t a b le  s t a r t in g  v a lu e s  o f  C,%  C " , t , ” and v p  °  I 9 2 9 I
x2" . The o p t im is a t io n  r o u t in e  th en  a d ju s te d  th e  fo u r  v a r ia b le s  j u s t  
m entioned u n t i l  a minimum mean square e r r o r  t o t a l  was o b ta in e d . The 
program assumed a 10% e r r o r  on each  d a ta  p o in t .  The o p t im ise d  Cn ts  
and t,m s  were th e  ones used  t o  p l o t  th e  s o l i d  l in e s  in  f ig u r e s  7 ,1  t o  
7 .1 3 . I f  th e  program was unable t o  converge new s t a r t in g  v a lu e s  f o r  
C" and t" were p rov id ed  and th e  program r e -r u n .
Table 7 .3 .  T ransport C o e f f i c ie n t s  Used in  C la s s ic a l  A b so rp tio n  C a lc u la t io n s
Ar-H2
% Argon
T
°K
nu
p
Jm ol- * °K“ -1
no
V
J m o l-^ K -1
Y TJ ' 
x io  “5
N s m“2
K
x 10“2 
W m” 1 °K“ 1
ath  
x 10“ 3
100 473 2 0 .7 8 2 1 2 .4 6 7 1 .6 6 7 3 .2 8 0 2 .5 0 0 0
100 673 2 0 .7 8 2 1 2 .4 6 7 1 .6 6 7 4 .2 2 0 3 .2 0 0 0
98 293 20 .945 1 2 .6 3 1 1 .6 5 8 2 .217 1 .8 6 0 4 .7 1 0
98 473 20 .945 1 2 .6 3 1 1 .6 5 8 3 .2 7 3 2 .6 7 6 5 .3 2 2
90 473 2 1 .5 9 0 13 .275 1 .6 2 6 3 .2 4 4 3 .4 3 6 2 5 .5 9
90 673 21 .624 13 .3 0 9 1 .6 2 5 4 .1 6 8 4 .4 2 9 2 7 .3 3
50 293 24 .828 1 6 .5 1 4 1 .5 0 3 2 .0 2 0 6 .5 7 7 8 8 .8 4
50 473 24 .8 6 1 1 6 .5 4 6 1 .5 0 2 2 .9 3 4 9 .2 4 2 10 0 .5
50 673 24 .907 1 6 .5 9 2 1 .5 0 1 3 .7 5 3 11 .75 1 0 4 .6
25 473 2 6 .9 0 0 1 8 .5 8 6 1 .4 4 7 2 .4 3 7 1 5 .1 9 1 0 0 .9
25 673 26 .969 18 .6 5 5 1 .4 4 6 3 .1 0 3 1 9 .3 4 1 0 5 .2
10 473 28 .123 19 .809 1 ..420 1 .8 5 0 20 .2 5 6 0 .8 3
10 673 28 .206 1 9 .8 9 2 1 .4 1 8 2 .3 4 7 2 5 .8 4 6 3 .5 3
0 293 28 .923 20 .6 0 9 1 .4 0 4 0 .8 8 0 1 7 .8 3 0
0 473 28 .939 20 .625 1 .4 0 3 1 .2 1 0 2 4 .7 0 0
C a lc u la te d  from  m ethods o f  H ir s c h fe ld e r  C u rtis  and B ir d , f o r  d e t a i l s
se e  Appendix on c a lc u la t io n  o f  C la s s ic a l  A b so r p tio n .
\
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T able 7 .4 .
Lennard Jones P o t e n t ia l  F orce C o n sta n ts .
H2 Ar
e/K a e/K a
(°K)
a
(A) (°K)
O
(A)
3 8 .0 2 .9 2 116 3 .4 5
M olecu lar  W eights (kg mole*"1) 
H2 Ar
0 .0 0 2 0 1 6  0 .0 3 9 9 4 4
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A fo u r  param eter f i t  was used  s o  th a t  ex p e r im en ta l v a lu e s  o f  Cj f
and C 1 co u ld  be o b ta in ed  as w e l l  as th e  r e la x a t io n  tim es  t . and r .2 1 2
To have used  a two param eter f i t  t o  o b ta in  j u s t  and w ould have  
meant p resu p p o sin g  th e  v a l i d i t y  o f  e q u a tio n s  7 .2 - 3  and 7 .2 - 4  fo r  
m ix tu r e s .
An a  p o s t e r i o r i  j u s t i f i c a t i o n  f o r  t h i s  procedure i s  p ro v id ed  
by th e  q u a l i ty  o f  th e  fo u r  param eter f i t  t o  th e  room tem p eratu re  d a ta  
o f  W inter and H i l l  shown in  f ig u r e  7 .1 2 ,  w hich was perform ed as a t e s t  
o f  th e  f i t t i n g  r o u t in e .  The t ” and C” v a lu e s  o b ta in ed  from a fo u r  
param eter f i t  t o  t h e ir  a b so r p tio n  p o in t s  p ro v id e  a much c lo s e r  f i t  to  
t h e i r  v e lo c i t y  d is p e r s io n  p o in t s  than th a t  o f  th e  s in g le  r e la x a t io n  
(one param eter) f i t  u sed  by W inter and H i l l  th em se lv es  and shown as 
a broken l in e  on f ig u r e  7 .1 2 . The f i t  t o  th e  a b so r p tio n  d a ta  i s  o f  
co u rse  c o n s id e r a b ly  c lo s e r  t o o . The v a lu e  o f  + C2 f , th e  t o t a l  
r e la x in g  s p e c i f i c  h e a t ,  o b ta in ed  from th e  f i t  was 7 .9 0  J m ol~1°K“ 1 , 
th e  t h e o r e t i c a l  v a lu e  b e in g  7 .9 4  J  m ol~1°K‘' 1 . The in d iv id u a l  v a lu e s  
o f  Cj,* and C2 * are n o t c o n s is t e n t  w ith  th e  t h e o r e t i c a l  v a lu e s  shown a t  
th e  f o o t  o f  T able 7 .1  how ever, s e e  s e c t io n  7 .6 .  The r e la x a t io n  t im e s  
Tj and t 2 o b ta in ed  from th e  f i t  are s l i g h t l y  s h o r te r  than th e  d ou b le  
r e la x a t io n  tim es (2  param eter f i t )  o b ta in ed  by W inter and H i l l  from t h e i r  
d ata  b u t t h i s  may be due t o  rounding e r r o r s  o r  th e  f a c t  t h a t  th e  e x p e r i ­
m en ta l p o in t s  were taken  from a s m a ll  s c a le  f ig u r e .
4 v a r ia b le  f i t  ( C , , C ” . t and r ”1 2 * 1  2
a llo w ed  t o  v a ry ) as used  in  t h i s
work
Tj = 1 .1  x 10~8s e c
2 v a r ia b le  f i t  ( t j ” and
t 11 a llo w ed  t o  v a ry )
2
Tj = 1 .3  x 10~8s e c
i 2 = 1 .8  x l 0 “ 8s e c t 2 = 1 . 9  x 10~8s e c
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A ttem pts t o  o b ta in  C2" , Xj" and x2" from a f i t  t o  eq u a tio n
2 .4 - 8  o f  th e  ex p e r im en ta l v e lo c i t y  p o in ts  r e s u lt e d  in  a poor con ver­
gence during  o p t im isa t io n  and ex trem ely  poor f i t s  to  th e  a b so r p tio n  
data  in  each  c a s e , even, when good f i t s  had been o b ta in ed  fo r  b oth  
v e lo c i t y  d is p e r s io n  and a b so r p tio n  peak from a b so r p tio n  d a ta  o p t im i­
s a t io n .  The v e lo c i t y  f i t  appeared t o  have a more c r i t i c a l  b eh a v io u r  
than  th e  a b so r p tio n  such  th a t  a sm a ll  change in  th e  shape o f  th e  curve  
produced a la r g e  change in  th e  x ’s  and C*s. T h is made o p t im is a t io n  
o f  th e  C’s  and x ’s  from eq u a tio n  2 .4 - 8  u n r e l ia b le .
7 ,4 .  E xp erim en ta l Error
I t  i s  ex trem ely  d i f f i c u l t  t o  c a lc u la t e  th e  e r ro r  t o  be a s s o c ia t e d
w ith  th e  v a lu e s  p r e se n te d  in  Table 7*2 . The average p e r c e n ta g e  e r r o r
in  a b so r p tio n  m easurem ents was found to  be o f  th e  ord er  o f  5% ( s e e
s e c t io n  6 . 3 ) ,  However, th e  param eter used  in  th e  o p t im is a t io n  r o u t in e
i s  th e  e x c e s s  a b s o r p t io n , th a t  i s  th e  d i f f e r e n c e  betw een th e  m easured
a b so r p tio n  and th e  c a lc u la te d  c l a s s i c a l  a b s o r p t io n , w hich i t s e l f  i s
n o t e x a c t  ( s e e  appendix 1 ) .  For c a se s  where a , i s  la r g e  andc la s s
a - a c la s g  i s  sm a ll which occu rs a t  la r g e  f / p  when th e  a b so r p tio n  curve  
has "turned o v er" , th e  e r r o r  on th e  e x c e s s  a b so rp tio n  co u ld  be a s  much 
as 100%. Some t y p ic a l  e r r o r  b a rs are shown in  f ig u r e s  7 .1  t o  7 .1 3
A mean e r r o r  o f  10% was assumed by th e  o p t im isa t io n  program f o r  
th e  ex p er im en ta l p o in t s  as a m a tter  o f  c o n v e n ien ce . How t h i s  e r r o r  and 
th e  r e a l  e r r o r s  on th e  e x c e s s  a b so r p tio n  p o in t s  r e la t e  t o  th e  v a lu e s  
o b ta in ed  from th e  f i t t i n g  p r o c e ss  was gauged by perform in g  th e  same 
f i t  on d ata  p o in ts  moved to  th e  extrem es o f  t h e ir  p rob ab le  e r r o r s .
T his produced C^’ + v a lu e s  th a t  v a r ie d  by ^ 5-10% and x v a lu e s  t h a t  
v a r ie d  by 5-10% fo r  la r g e  C j’ + C2 ’ and up t o  20% f o r  sm a ll  C j ’ + C2 ?
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(co rresp o n d in g  t o  x  > 0 . 9 ) .  C on sequ en tly  a s u i t a b le  e s t im a te  o f  
accu racy  f o r  th e  d a ta  in  Table 7 .2  i s  ± 10% e x c ep t f o r  v a lu e s  f o r  
x  > 0 .9  where ± 20% would be a s a f e r  e s t im a te .
7 .5 .  O b serva tion s on th e  R e s u lts  P resen ted  in  F ig u r e s  7 .1  t o  7 .1 9
Table 7 .2  c o n ta in s  th e  c o l l e c t e d  v a lu e s  o f  r e la x a t io n  t im e s ,
Tj and T^and r e la x in g  s p e c i f i c  h e a t s ,  Cj* and C 2f , o b ta in ed  from th e  
d ata  f i t s  shown in  f ig u r e s  7 .1  t o  7 .1 3  v ia  th e  tr a n sfo r m a tio n s  2 .4 -1 0  
and 2 .4 - 1 1 .  A lso  shown are th e  c o l l i s i o n  numbers Z^  and Z2 o b ta in ed  
from 2 .1 - 2  and 7 .2 - 5 .  The r ig h t  hand column o f  each  t a b le  i s  th e  
p r e d ic te d  v a lu e  o f  C j! + C2 ? b ased  on 7 .2 - 3  and th e  in fo r m a tio n  in  
t a b le  7 .1 .  The same d a ta  i s  p r e se n te d  g r a p h ic a lly  in  f ig u r e s  7 .1 6 - 7 .1 9 .
In f ig u r e s  7 .1  t o  7 .1 3 ,  th e  f / p  v s .  a^d v 2 p l o t s  f o r  th e
argon-hydrogen m ix tu r e s , i t  w i l l  be n o ted  th a t  in  some c a s e s  th e  f i t  
t o  th e  v e l o c i t y  d ata  from a good f i t  t o  th e  a b so r p tio n  d a ta , i s  p o o r .
The d iscrep a n cy  i s  la r g e r  f o r  h ig h e r  tem p eratu res and f o r  m id-spectrum  
(0 .2 5  < x < 0 .7 5 )  m ix tu res  and alw ays such th a t  th e  e x p e r im e n ta l v 2 
p o in t s  a t  la r g e  f / p  l i e  above th e  t h e o r e t i c a l  l i n e .
The 1/ t v s .  x  p l o t s  f ig u r e s  7 .1 4 ,  7 .1 5  and 7 .1 6 ,  show t h a t ,  
w ith in  th e  ex p e r im en ta l e r r o r ,  1 / t j  obeys th e  l in e a r  r e la t io n s h ip  o f  
eq u a tio n  7 .2 - 1 .  1 / t2 , how ever, appears t o  be l in e a r  b u t t o  have a
la r g e r  e r r o r  than th a t  p r e d ic te d  e x c e p t  fo r  th e  room tem peratu re c a s e .  
The s t r a ig h t  l i n e s  on th e s e  f ig u r e s  are  l in e a r  l e a s t  sq u ares f i t s .  The 
i n t e r s e c t io n  o f  th e s e  l in e s  w ith  th e  v e r t i c a l  axes are p r e s e n te d  as 
e x tr a p o la te d  v a lu e s  in  Table 7 .2 .
The C j’ + C2 ’ v s .  x  p l o t s ,  f ig u r e s  7 .1 7 ,  7 .1 8  and 7 .1 9 ,  show th a t  
th e  t o t a l  r e la x in g  s p e c i f i c  h e a t  i s  a l in e a r  fu n c tio n  o f  th e  m ole
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f r a c t io n  o f  argon in  th e  m ixture b u t co n tra ry  to  eq u a tio n s  7 .2 - 3  and 
7 .2 - 4  i t  i s  n o t  zero  a t  x  = 1 (pure a rg o n ). The s o l i d  l i n e  i s  th e  
t h e o r e t i c a l ly  p r e d ic te d  v a r ia t io n  in  + C2 ’ and th e  broken l i n e  i s  
a l in e a r  l e a s t  sq u ares f i t  t o  th e  e x p er im en ta l p o in t s .  I t  w i l l  b e  
n o ted  th a t  th e  d iscr e p a n c y  betw een th e  t h e o r e t ic a l  l i n e  and th e  
e x p e r im en ta l p o in t s  i s  g r e a te r  f o r  h ig h e r  tem p eratu res and m id-spectrum  
m ix tu r e s . A lthough th e  com bination  o f  r e la x in g  s p e c i f i c  h e a ts  C^1 + C 1 
i s  l in e a r j  i t  w i l l  be se en  from T able 7 .2  t h a t  th e  in d iv id u a l  s p e c i f i c  
h e a ts  do n o t  obey e q u a tio n s  7 .2 - 3  and 7 .2 - 4 .
I t  can a l s o  be se en  from T able 7 .2  t h a t  th e  r o t a t io n a l  c o l l i s i o n  
num bers, and Z2 , fo r  pure nH  ^ in c r e a s e  w ith  tem perature w h i l s t  
th o se  f o r  a s in g le  hydrogen m o lecu le  in  an atm osphere o f  o th e r w ise  pure
argon d e c r ea se  w ith  tem p era tu re . At room tem perature th e  pure nH2
c o l l i s i o n  numbers are la r g e r  than t h e ir  m ixture c o u n te rp a r ts  b u t a t  
th e  h ig h e r  tem p eratu res th e  con verse  a p p l ie s .
D is c u s s io n  o f  th e  R e s u lts
7 .6 .1 .  The Hydrogen measurement
One measurement was made on pure nH  ^ a t  473°K ( f ig u r e  7 .1 3 )  
from w hich th e  fo l lo w in g  p o in t s  may be n o ted :
( i )  The v a lu e s  o f  C j" , x^” and x2" o b ta in ed  from a f i t  o f
eq u a tio n  2 .4 -9  to  th e  a b so r p tio n  d a ta  p o in t s  produce a good  
f i t  t o  th e  v e lo c i t y  d a ta  p o in t s .
( i i )  The s h o r te r  r e la x a t io n  tim e x i s  in  good agreem ent w ith  
i t s  e q u iv a le n t  v a lu e  in te r p o la te d  from th e  tem peratu re  
dependent s in g le  r e la x a t io n  tim es o b ta in e d  by o th e r  i n v e s t i ­
g a to r s  fo r  nH2 3 9 ,5 1 ,5 2 #
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( i i i )  The t o t a l  r e la x in g  s p e c i f i c  h e a t ,  Cj* + C2 ' ,  i s  in  f a i r  
agreem ent w ith  (w ith in  10% o f )  th e  t h e o r e t i c a l  v a lu e ,  
a lth o u g h  th e  r e la t iv e  m agnitudes o f  C 1 and C * do n o t  
a g ree  w ith  t a b le  7 .1 .
( i v )  The 473°K nH2 Cf and t  v a lu e s  are c o n s is t e n t  w ith  th e  fo u r
v a r ia b le  a n a ly s is  o f  th e  room tem perature nH2 d a ta  o f  W inter  
and H i l l  and th e  th e o r y . S p e c i f i c a l l y ,  com paring t ’ s  and 
Cfs  a t  293°K and 473°K , th e  r a t io  C^VC,,* i s  la r g e r  f o r  
th e  h ig h e r  tem peratu re due t o  th e  h ig h e r  r o t a t io n a l  l e v e l s  
becom ing p o p u la te d ; Tj and t 2 become lo n g e r  w ith  becom ing  
c o n s id e r a b ly  lo n g e r  under th e  in f lu e n c e  o f  th e  la r g e r  
t r a n s i t io n s  a t  th e  h ig h e r  tem p era tu re . R a ff  h as shown 
th a t  in  pure hydrogen th e  r o t a t io n a l  r e la x a t io n  t im e s  a re  
lo n g e r  f o r  t r a n s i t io n s  betw een more w id e ly  sp aced  r o t a t io n a l  
en ergy  l e v e l s .  Hence as T r i s e s  and th e  p o p u la t io n  moves 
to  h ig h e r  r o t a t io n a l  s t a t e s  r  becom es lo n g e r . A com parison  
o f  th e  d oub le r e la x a t io n  t im es  o b ta in ed  from W inter and 
H i l l s  d a ta  a t  293°K w ith  th o s e  o f  V a lle y  and Amme 51 
a t  300°K s u g g e s ts  th a t  t 2 le n g th e n s  r a p id ly  above room 
ten p e ra tu r e  so  th a t  a v a lu e  o f  28 x 10~8s e c  a t  473°K i s  
r e a l i s t i c .
The e x tr a p o la te d  pure Hydrogen v a lu e s  o b ta in ed  from th e  673°K m ix tu re  
m easurem ents are c o n s is t e n t  w ith  th e  fo r e g o in g .
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7 . 6 . 2 .  The nH^-Ar M ixture M easurements
The com parison o f  th e  r e s u l t s  o b ta in ed  in  t h i s  work f o r  hydrogen-  
argon m ix tu res  a t - e le v a t e d  tem p eratu res w ith  p r e v io u s  low tem peratu re  
m easurem ents *+8,49,51,52 an(j w£-th t h e o r e t i c a l  c a lc u la t io n s  o f  t and 
Z ^ 5 0 , 5 3 , 5 4 , 5 5  £s  co m p lica ted  by th e  f a c t  th a t  th e  is o t o p e  p a r a -  
hydrogen i s  norm ally  co n s id er e d  in s te a d  o f  th e  norm al-hydrogen ’m ixture*  
used  h e r e . P ara-h yd rogen , w ith  i t s  few er r o t a t io n a l  t r a n s i t io n s  i s  a 
s im p le r  system  t o  m odel e s p e c i a l ly  a t  low tem p eratu res (<  100°K) where 
o n ly  th e  0 -2  t r a n s i t io n  needs t o  be c o n s id e r e d , i t s  s t a b i l i t y  a t  h ig h  
tem p eratu res would however be in  q u e s t io n  in  an ex p e r im en ta l a rra n g e­
ment such  a s  t h i s  where a s in g le  charge o f  gas i s  h e ld  fo r  s e v e r a l  
h o u r s .
From a know ledge o f  th e  r e la x a t io n  t im es  in  pH^-Ar and oH2-A r m ix tu res  
i t  m ight be p o s s ib le  to  p r e d ic t  th e  r e la x a t io n  tim es in  a nH^-Ar 
m ix tu re . The r e v e r s e - c a lc u la t io n  o f  th e  r e la x a t io n  t im es  f o r  th e  
orth o  and para forms from th e  norm al r e s u l t s  -  i s  n o t  p o s s i b l e ,  how­
e v e r , At b e s t  o n ly  g e n e r a l q u a l i t a t iv e  com parisons can be made betw een  
th e  p r e s e n t  nH2-Ar r e s u l t s  and th o se  f o r  pH2~Ar m ix tu r e s .
P rev io u s  ex p er im en ta l work on H2-Ar m ix tu res  has been  done a t  
low  tem peratu re or a t  room tem perature 51 >52 and in  b o th  c a s e s
u s in g  para-h yd rogen . The ex p e r im en ta l Z2^ ( c o l l i s i o n  number f o r  th e  0 -2  
r o t a t io n a l  t r a n s i t io n s )  v a lu e s  o f  th e s e  au th ors are shown in  f ig u r e  
7 .2 0  a lo n g  w ith  th e  h igh  tem perature Z ^q ^  J e s u i t s  from t h i s  work.
I t  w i l l  be se en  th a t  th e  g e n e r a l tren d  o f  Z  ^ d e c r e a s in g  w ith  in c r e a s in g  
tem perature shown by th e  p r e v io u s  r e s u l t s  i s  con tin u ed  by th e  p r e s e n t  
ones a lth ou gh  th e r e  appears t o  be an o v e r a l l  d isp la cem en t tow ards 
h ig h e r  c o l l i s i o n  num bers. The r e a so n s  f o r  th e  d isp la c e m en t are  tw o­
f o ld ;  f i r s t l y ,  th e  u se  o f  norm al in s te a d  o f  para-hydrogen  in c r e a s in g
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th e  number o f  r o t a t io n a l  t r a n s i t io n s  so  th a t  a t  room tem peratu re th e  
c o l l i s i o n  numbers must r e p r e s e n t  th e  e f f e c t s  o f  th e  o r th o  a s  w e l l  as  
th e  para-hydrogen  com ponents, and se c o n d ly  th e  e f f e c t  o f  h ig h e r  
r o t a t io n a l  t r a n s i t io n s  as th e  tem peratu re is  in c r e a s e d . A s im i la r  
d isp la cem en t a t  room tem peratu re can be se en  in  th e  e x p e r im en ta l  
r e s u l t s  fo r  pH2-He and nH^-He m ix tu res  o b ta in ed  by V a lle y  and Amme 51 
shown in  th e  i n s e t  in  f ig u r e  7 . 2 0 .
Three t h e o r e t i c a l  l i n e s  are  shown f o r  H^-Ar m ix tu res  in  f ig u r e  
7 . 2 0 .  The two low tem perature l in e s  are f o r  pH^-Ar m ix tu r e s . The l i n e  
o f  Jonkman e t  a l .  50 was o b ta in e d  from a s e m ic la s s ic a l  approach  
w h il s t  th a t  o f  Agrawal and Saksena 55 was o b ta in ed  from a quantum 
m ech an ica l approach. The h ig h  tem perature l i n e  o f  Pederson  e t  a l . 53 
fo r  nH^-Ar m ix tu res was o b ta in ed  from a c l a s s i c a l  approach. In a n o th er  
paper Agrawal and Saksena 54 c a lc u la te d  r o t a t io n a l  c o l l i s i o n  numbers 
f o r  th e  0 - 2 j 3 - 1 ,  4 -2  and 5 -3  t r a n s i t io n s  in  a nH2~Ar m ixture  
a t  300°K f o r  which th e y  o b ta in  th e  fo llo w in g  v a lu e s
Z20 Z31 Z42 Z53
150 734 1315 2245
w hich may be compared w ith  th e  295°K v a lu e s  from t h i s  work
Z2 0 ,31 Z4 2 , 5 3 . . . .
340 8012
I t  i s  n o t  im m ed iate ly  c le a r  in  what p r o p o r tio n s  th e  2 -0  and 3 -1
c o l l i s i o n  numbers are combined in  th e  Z . m easured in  an u l t r a s o n icr o t
a b so r p tio n  experim en t b u t some correspond en ce can be se en  betw een th e  
measured and p r e d ic te d  num bers.
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Both P edersen  e t  a l .  and Agrawal and Saksena p r e d ic t  a Z  ^
t h a t  f a l l s  w ith  tem peratu re bu t w hich undergoes a minimum somewhere 
in  th e  h ig h  tem perature r e g io n . P edersen  e t  a l .  e x p e c t  t h i s  to  occu r  
in  th e  r e g io n  o f  600°K w h i l s t  Agrawal and Saksena make no q u a n t i ta t iv e  
p r e d ic t io n  o f  i t s  p o s i t io n  b u t th e y  s u g g e s t  i t s  cause t o  b e  th e  in f lu e n c e  
o f  th e  la r g e r  r o t a t io n a l  t r a n s i t io n s  a t  h ig h e r  tem p eratu res causing^  
th e  m easured r e la x a t io n  tim e in  a s in g le  ’r e la x a t io n  t im e ’ exp erim en t  
t o  in c r e a s e  d e s p ite  a c o n t in u a lly  d e c r e a s in g  Z2Q. No minimum i s  
apparent in  th e  p r e s e n t  d a ta . P edersen  e t  a l .  a l s o  p r e d ic t  an o v e r a l l  
r e la x a t io n  tim e th a t  le n g th e n s  w ith  in c r e a s in g  tem perature co n tra r y  
t o  th e  p r e se n t  r e s u l t s .  The absence o f  th e  minimum and th e  sh o r te n in g  
r e la x a t io n  tim e may be due to  th e  manner in  w hich two r e la x a t io n  t im e s  
have been  e x tr a c te d  from a m u lt ip le  r e la x a t io n  s i t u a t io n  ( s e e  s e c t io n
7 . 6 . 3 ) .
A nother p o s s ib le  cause o f  th e  sh o r te n in g  r e la x a t io n  tim e may be  
th e  p r e sen ce  o f  s m a ll q u a n t i t ie s  o f  w ater  vapour in  th e  gas m ix tu res  
due t o  an i n s u f f i c i e n t l y  lo n g  i n l e t  p e r io d  where th e  w a ter  vapour  
tra p p in g  took  p la c e .  There are  s u b s t a n t ia l  v ib r a t io n a l  and r o t a t io n a l  
r e la x a t io n s  o f  th e  H20 m o lecu le  in  c o l l i s i o n  w ith  argon w hich o ccu r  
in  th e  freq u en cy  range o f  i n t e r e s t  h ere  7\  T h is would a ls o  acco u n t  
fo r  th e  h ig h e r  than p r e d ic te d  r e la x in g  s p e c i f i c  h e a ts  and th e  r e s id u a l  
r e la x in g  s p e c i f i c  h e a t  a t  x = 1 (pure a rg o n ).
7 .6 .3 .  On O b ta in in g  ’R e la x a tio n  T im es’
W ithin  th e  broad u l t r a s o n ic  a b so rp tio n  peak caused  by nH  ^ and 
nH^-Ar r e la x a t io n s  a t  h igh  tem p eratu res («v 600°K) are c o n tr ib u t io n s  
from many se p a r a te  r e la x a t io n s  o f  d i f f e r e n t  m agnitude and w ith  d i f f e r e n t  
t im e s . The m easured 'r e la x a t io n  t im e s '  o b ta in ed  from th e s e  peaks are  
some average o f  th e  c o n tr ib u t in g  r e a l  r e la x a t io n  tim es  and are n o t  u n iq u e .
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When d o in g  a two param eter f i t  ( t j  and t^) one may o b ta in  a d i f f e r e n t  
s e t  o f  t j and t2 f o r  each  s e t  o f  in p u t c '  and ( c '  + = C ^ ota l^ 9
one s e t  o f  w hich w i l l  g ive- an optimum f i t  t o  th e  d ata  p o in t s .
The c h o ic e  o f  Cj and C2 i s  t o  some e x te n t  o p t io n a l ,  th e y  may 
be chosen  as th e  o r th o  and para c o n tr ib u t io n s  f o r  exam ple 39 or  th e  
c o n tr ib u t io n s  from th e  0 - 2 ,  1 -3  t r a n s i t io n s  and th e  2 - 4 ,  3 -5  and 
h ig h e r  t r a n s i t io n s  51 as adopted in  th e  th eo ry  h e r e . The m easured  
'r e la x a t io n  t im e s ' in  th e  above w ould be d i f f e r e n t  a t  room tem pera­
tu r e  sa y  b u t c o n s id e r  th e  s i t u a t io n  a t  T s  363°K and T « 763?K where 
th e  r e la x in g  s p e c i f i c  h e a ts  f o r  th e  two c h o ic e s  o f  a l lo c a t io n  are th e  
same ( s e e  f ig u r e  7 .2 1 ) .  Here one would o b ta in  th e  same 'r e la x a t io n  
t im e s ' in  b oth  c a se s  but a t t r ib u t e  them in  one ca se  to  th e  0 - 2 ,  1 -3  
and th e  2 - 4 ,  3-5 t  h ig h e r  t r a n s i t io n s  and in  th e  o th e r  ca se  to  th e  
0 - 2 ,  2 -4  + h ig h e r  and th e  1 - 3 ,  3 -5  + h ig h e r  t r a n s i t io n s .
By n o t  s p e c i f y in g  th e  r e la x in g  s p e c i f i c  h e a ts  th e  tyro r e la x a t io n  
t im es  w hich g iv e  th e  b e s t  f i t  to  th e  ex p e r im en ta l d a ta  are o b ta in ed  
w ith  t h e ir  a s s o c ia t e d  r e la x in g  s p e c i f i c  h e a t s .  The s h o r te r  r e la x a t io n  
tim e may be s a id  t o  correspond  to  th e  low r o t a t io n a l  l e v e l s  t r a n s i t io n s  
and th e  lo n g e r  r e la x a t io n  tim e to  th e  h ig h e r  (more w id e ly  s e p a r a te d )  
r o t a t io n a l  l e v e l s ,  a lth ou gh  e x a c t ly  w hich th e s e  l e v e l s  are can n ot be  
d e f in e d .
The r e s u l t s  o f  an u l t r a s o n ic  a b so r p tio n  experim en t on a m u lt i ­
l e v e l  r o t a t io n a l ly  r e la x in g  system  th en  are some g e n e r a l " r e la x a t io n  
tim es"  **0 t h a t  c h a r a c te r is e  th e  shape o f  th e  a b so r p tio n  cu rv e . More 
d e t a i l e d  in fo rm a tio n  o f  th e  s tr u c tu r e  o f  th e  r e la x a t io n s  cannot be . 
o b ta in ed  w ith  any c e r t a in t y .  I f  a d e t a i l e d  r e la x a t io n  scheme i s  
known, or  p r e d ic te d  how ever i t  can be t e s t e d  a g a in s t  th e  a b so r p tio n  
d a ta  to  s e e  i f  i t  p r e d ic t s  th e  shape o f  th e  cu rv e . T h is p a th  i s  n o t  
g e n e r a lly  r e v e r s ib le  **2 ,
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7*7. C onclud ing Remarks
The e x p er im en ta l apparatus has been  shown t o  be cap ab le  o f  th e  
fo l lo w in g
( i )  a b so r p tio n  m easurem ents w ith  a mean p e r c en ta g e  e r r o r  o f  
5% over  th e  tem peratu re range 293°K to  773°K and a t  f /p  
v a lu e s  from 1 t o  70 MHz/Atm.
( i i )  v e lo c i t y  m easurem ents w ith  a mean p e r c en ta g e  e r r o r  o f
0,1% a t  one a tm osp h ere , f a l l i n g  to  ^ 5% a t  about 1 /7 0  o f  
an atm osphere.
( i i i )  r e c o r d in g  a b so r p tio n  peaks and v e lo c i t y  d is p e r s io n s  w ith  
r e la x a t io n  tim es in  th e  range 5 *  ic r 9 seco n d s to  5 x i c r 6 
s e c o n d s , over th e  tem peratu re range 293°K to  673°K.
The apparatus i s  cap ab le  o f  o p e r a tin g  a t  tem p eratu res up t o  ^ 1100°K 
and sh o u ld  be cap ab le  o f  prod u cin g  r e s u l t s  a t  t h i s  tem peratu re w ith  
a c c u r a c ie s  s im i la r  t o  th o s e  a t  low er tem p era tu re .
P re lim in a ry  m easurem ents on nH2~Ar m ix tu res  s u g g e s t  a 
th a t  d e c r e a se s  w ith  tem perature a t  l e a s t  up t o  673°K. Q u a n t ita t iv e  
agreem ent w ith  a v a i la b le  t h e o r e t i c a l  v a lu e s  o f  f o r  H2 ~Ar c o l l i s i o n s
cannot be p rov id ed  from th e  p r e s e n t  a n a ly s i s .  I t  i s  s u g g e s te d  t h a t  a more 
e la b o r a te  r e a c t io n  scheme and a c o u s t ic  m odel co u ld  be fo rm u la ted  and 
t e s t e d  a g a in s t  th e  d a ta . U s in g , f o r  exam ple th e  method o f  R.G. Gordon tfl 
o r  th e  i r r e v e r s ib le  thermodynamic m ethods o f  H .J , Bauer and H.E. B ass 1+2.
Two fu r th e r  p o in ts  are  n o te d .
( i )  The p o s s i b i l i t y  o f  w ater vapour b e in g  p r e s e n t  in  unknown
q u a n t i t ie s  in  th e  gas m ix tu r e . B efo re  fu r th e r  exp er im en ta ­
t io n  th e  apparatus sh ou ld  be m o d ified  to  im prove gas p u r i ty
-  117 -
( i i )  There i s  some d iscr e p a n c y  betw een th e  t h e o r e t i c a l  curve  
and th e  v e lo c i t y  d is p e r s io n  p o in ts  f o r  m id-spectrum  
m ix tu r e s . A s y s te m a t ic  e r r o r  in  v e lo c i t y  r e a d in g s  a t  
low p r e ssu r e s  i s  r u le d  o u t b ecau se  o f  m easurem ents made on 
argon w hich show a v e lo c i t y  th a t  i s  c o n sta n t  (w ith in  th e  
e x p er im en ta l e r r o r )  w ith  p r e s s u r e . I t  i s  p o s s i b l e ,  i f  
a n oth er  r e la x a t io n  p r o c e ss  i s  ta k in g  p la c e  w hich in c r e a s e s  
t h a t  th e  therm al d i f f u s io n  term  in  th e  c l a s s i c a lr o t
a b so r p tio n  ( s e e  Appendix 1) i s  in  e r r o r  a t  e le v a t e d
tem p eratu res so  th a t  th e  c a lc u la te d  c l a s s i c a l  a b so r p tio n
i s  la r g e r  than th e  ex p er im en ta l on e . T his would le a d
to  a s m a lle r  m easured C . than th e  r e a l  v a lu e  (w h ichr o t
m ight be in  e x c e s s  o f  th e  t h e o r e t i c a l  v a lu e  c a lc u la t e d  
fo r  uncontam inated nH2~Ar m ix tu r e s)  and to  th e  d i s c r e ­
pancy betw een th e  v e lo c i t y  curve and e x p e r im en ta l p o in t s .  
T h is problem  i s  w orthy o f  fu r th e r  in v e s t ig a t io n  w ith  more 
pure gas sam p les.
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APPENDIX 1
THE CALCULATION OF CLASSICAL SOUND ABSORPTION IN BINARY GAS MIXTURES
The v a lu e s  o f  c l a s s i c a l  sound a b so r p tio n  in  b in a r y  gas m ix tu res  
used  t o  o b ta in  th e  m o lecu la r  a b so r p tio n  v a lu e s  from th o s e  m easured  
were c a lc u la te d  from eq u a tio n  2 .4 -2
a x = 2 J i i £
a c la s s  y P
J t n , (t - i .)k ,  M l  + r *  A l 2
3 V  + x|2 \  M y x ^ J
A. 1 -1
where f  = sound freq u en cy  (H z ) , P = t o t a l  p r e ssu re  ( P a ) ,  v = sound
v e l o c i t y  (ms” 1 ) ,  k = c o e f f i c i e n t  o f  therm al c o n d u c t iv ity  o f  th e
m ixture (WnT1 °K“ 1 )* n = c o e f f i c i e n t  o f  sh e a r  v i s c o s i t y  o f  th es
m ixture (k g  m"l s “ 1 ) ,  D12 = m utual d i f f u s io n  c o e f f i c i e n t  (m2s*“1 ) and  
krp = therm al d i f f u s io n  r a t i o .
x 1 and *2 are mole f r a c t io n s  o f  th e  component g a se s  and
M1 and (M^  > are  t h e ir  k ilogram  m o lecu la r  w e ig h ts . M =
C
M1 Xj + x^ i s  th e  m ixture average m o lecu la r  w e ig h t , c^ =
where C i s  th e  m olar s p e c i f i c  h e a t  o f  th e  m ixture = (C ) .x ,+ (C  ) 0x«P 0^ p l l p 2 2
Y = th e  r a t i o  o f  s p e c i f i c  h e a ts  r r  » C„ = C -  R where R i s  th e
v  "
u n iv e r s a l  gas c o n s ta n t , v i s  o b ta in ed  from e q u a tio n  2 .2 - 1  w ith  
m ixture average v a lu e s  o f  Y and M.
The c o e f f i e n t s  k , iig ,  D12 and kT a re  th o se  fo r  th e  p a r t ic u la r  
m ixture s p e c i f i e d  by x l  and x2 . E xp erim ental v a lu e s  o f  th e s e  
q u a n t it ie s  f o r  m ix tu res o f  argon and hydrogen a re  a v a i la b le  75 
b u t in c o m p le te , so  th ey  had to  be determ in ed  t h e o r e t i c a l ly  from
-  -
k i n e t i c  th e o r y . The e q u a tio n s  c f  H ir s c h fe ld e r  C u rtis  and B ird  76 
w ere em ployed w ith  th e  Lennard-Jones p o t e n t ia l  a s  th e  m o lecu la r  
m odel. The Lennard-Jones p o t e n t ia l  param eters f o r  th e  argon -  
hydrogen m ix tu res  were o b ta in ed  from th e  pure gas v a lu e s  u s in g  t h e  
H ogervorst com bination  r u le s  77
The pure gas v a lu e s  fo r  e and a were taken  from H ir c h fe ld e r  e t  a l .  
The e q u a tio n s  o f  H ir s c h fe ld e r  e t  a l .  r e q u ir e ,  b e s id e s  the;
B* and C*. R ather than perform  th e  in te g r a t io n s  r e q u ir e d  t o  o b ta in  
th e  om egas,th e  ta b u la te d  v a lu e s  o f  H ir s c h fe ld e r  e t  a l .  were u sed  
ft, A *, B* and C* are  s lo w ly  v a r y in g  w ith  T* s o  th e  r e q u ir e d  v a lu e s  
w ere e a s i l y  and a c c u r a te ly  o b ta in ed  from th e  t a b le s  u s in g  Newtons 
I n te r p o la t io n  Formula 78 .
In th e  fo llo w in g  th e  r e le v a n t  eq u a tio n s  o f  H ir s c h fe ld e r  e t  a l .  
are  p r e se n te d  in  SI form . The eq u a tio n  numbers from th e  t e x t  o f  
H ir sc h fe ld e r  e t  a l .  appear in  b r a c k e ts  under th e  appendix e q u a tio n  
number.
( i )  The C o e f f ic ie n t  o f  Shear V is c o s i t y  ns
A. 1 -2
A. 1 -3
Lennard-Jones p aram eters, th e  tem perature dependent c r o s s  s e c t io n s  
(o
ft * (T * ); T* = k T /e ; and th r e e  com b inations o f  th e  omegas A*,
B efore  c a lc u la t in g  n f o r  a gas m ixtu re  i t  was n e c e s s a r y  t os
determ in e a q u a n tity  n 12
- ms -
ni2 = 2 .6 6 9 3  1 1 2  1 2
12 12 C V >
x 10“s (kg nf^s"*1 ) A. 1 -4
• (HCB 8 .2 - 2 0 )
w hich i s  th e  v i s c o s i t y  o f  a h y p o th e t ic a l  pure su b sta n ce  w ith  m o lecu la r  
w eig h t 2M1M5,/(M 1+M2 ) th e  m o le c u le s  o f  which in t e r a c t  a c c o rd in g  to  
th e  p o t e n t ia l  param eters cf and e j 2 ^ i 2 *  = ^T £^ 12^# T*ie  v ^s c o s "^ty  
o f  a b in a r y  m ixture was then  o b ta in ed  from .
-  1  *  z  
nmix " X + Y (kg m“ 1s “1 ) A. 1 -5
(HCB 8 .2 - 2 2 )
x. 2 2x . x„ x , 2
x = i t Z ! l  + i
n i  n !2 2
3 A j. fXlMl 2XiX2(Mi«fM2) n12 VV)
5 12 * \n1M2 4M1H2n1n2 n2Mj]
3 fXl 2Ml 
Z = If A12 (  M + 2X1> O
x.
(Mj+Mj,)2 p 12 n.
4M, M„1 2
P l 2  „ n i2 ]  ,  x Xl 2M2 l
l l j  \  J” M1 J
n 12 i s  th e  q u a n tity  found in  A .1 -4  and n  ^ and n a r e  th e  e x p e r im en ta l  
v a lu e s  f o r  th e  pure g a se s  a t  tem perature T 75. Where th e s e  were 
u n a v a ila b le  th ey  were c a lc u la t e d  from A*1 -4  w ith  s u b s c r ip t  2 w r it t e n  
as 1 (The r e s u l t in g  e x p r e ss io n  i s  HCB 8 .2 -1 8  fo r  a pure g a s ) .  In 
g e n e r a l t h i s  form ula rep rod u ces th e  ex p er im en ta l d a ta  w ith in  1%.
( i i )  The C o e f f ic ie n t  Thermal C o n d u c tiv ity  k
There i s  poor agreem ent a t  p r e s e n t  betw een e x p e r im en ta l and 
t h e o r e t ic a l  v a lu e s  o f  therm al c o n d u c t iv ity  fo r  p o ly a to m ic  g a s e s .
The therm al c o n d u c t iv ity  has a la r g e  c o n tr ib u t io n  from th e  in t e r n a l  
d eg rees  o f  freedom  and s o  th e  e q u a tio n s  d e r iv e d  f o r  monatomic g a s e s
c o u ld  n o t  be u sed  d i r e c t ly  fo r  h ydrogen . For th e  argon-hydrogen  
m ix tu res  an e m p ir ic a l method was em ployed t o  u t i l i s e  th e  monatomic 
gas e q u a t io n s . In  t h i s  method th e  Lennard-Jones param eters a re  so  
a d ju s te d  t h a t  th e  e x p e r im e n ta lly  ob served  therm al c o n d u c t iv ity  can  
be o b ta in ed  d i r e c t ly  from th e  e q u a tio n  f o r  a monatomic g a s .  The 
param eter e /k  f o r  hydrogen was taken from th e  v i s c o s i t y  d a ta , 75 
and T* c a lc u la t e d .  T* and th e  e x p er im en ta l v a lu e  o f  k were th en  
s u b s t i t u t e d  in to
k = 8 .3 1 4 4  -— ------------- lO -1* (Wm-^K” 1 ) A .1 -6
o2fl * (T*)
(HCB 8 .2 -3 1 )
to  o b ta in  an a d ju s te d  v a lu e  o f  cr.  The new v a lu e s  o f  e . A and or were12
th en  o b ta in ed  from A .1 -2  and A .1 -3  and used  t o  compute k12 (a n a lo g o u s
t o  n 12 in  th e  p r e v io u s  s e c t io n )
/ t (M +M )/2M,M '
K:  = 8 .3 1 W   ' ------ - X  1 0 -‘*<Hm-10K-1 ) A . l - 7
12 a 2 n ( 2 , 2 ) - ( ft)
12 12 ' 12
(HCB 8 .2 - 3 5 )
The therm al c o n d u c t iv ity  fo r  th e  m ixtu re  was th en  c a lc u la t e d  from
-  1 + 2 
Km ix X + Y (W nf^ K -1 ) A .1 -8
T h is procedure g iv e s  v a lu e s  th a t  are w ith in  5% o f  th e  e x p e r im en ta l v a lu e s ,  
where th e s e  are a v a i la b le .
( i i i )  The C o e f f i c ie n t  o f  D if fu s io n  D12
The c o e f f i c i e n t  o f  d i f f u s io n  DJ2 was c a lc u la t e d  from th e
e x p r e ss io n
T3 (M +M )/2M M
PD, = 2 .0986  -------------- - V i — =—=— x 1CT2 (n ^ s ^ P a )  A .1 -9
12 2(J ( 1 , 1 ) - (T
12 12 V 12 '
(HCB 8 .2 - 4 4 )
The p rob ab le  e r r o r  in  th e  c o e f f i c i e n t  o f  d i f f u s io n  i s  o f  th e  ord er  
o f  1%.
( i v )  The Thermal D if fu s io n  R a tio  in  B inary  Gas M ixtures k^
The therm al d i f f u s io n  r a t i o  was c a lc u la t e d  from th e  e x p r e s s io n
where < 12 i s  th e  q u a n tity  d e f in e d  in  e q u a t io n  A, 1 -7  and X and Y are  
th o se  v a lu e s  u sed  in  c a lc u la t in g  k ( A . l - 8 ) .
The e r r o r  in  th e  t h e o r e t i c a l  c a lc u la t io n  o f  i s  g r e a te r  than  
th e  e r r o r s  in  th e  o th e r  tr a n sp o r t  c o e f f i c i e n t s ,  b e in g  about 10%, 
how ever, i t s  c o n tr ib u t io n  to  sound a b so r p tio n  i s  o n ly  1 /1 0  o f  th a t  
o f  Dj2 s o  such  an accu racy  was a c c e p ta b le .
The o th e r  q u a n t i t ie s  r e q u ir e d  by A. 1 -1  nam ely and M1 and M2 
were o b ta in ed  from th e  l i t e r a t u r e .
E q uations A. 1 -4  t o  A. 1 -10  were in c o rp o ra te d  in t o  th e  BASIC 
computer program CLABS.SB f o r  c a lc u la t in g  a ^c ^a ss  argon-hydrogen  
m ixtu res  from e q u a tio n  A * l-1  f o r  any x , x^ a t  fo u r  tem p era tu res  
293°K, 473°K , 673°K and 1073°K . A l i s t i n g  o f  t h i s  program can be  
seen  in  Appendix 2,
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APPENDIX 2 
COMPUTER PROGRAMS
The f o l lo w in g  computer programs w ere w r it te n  f o r  u se  on a Data
G en eral Nova 2 m in i-com puter during  th e  cou rse  o f  t h i s  in v e s t ig a t io n *
STEVE W ritten  in  ALGOL9 t h i s  program c a lc u la t e s  th e
a b so r p tio n  and v e lo c i t y  from th e  paper ta p e s  
produced by th e  d a ta - lo g g e r .
TREAD An ALGOL Procedure c a l l e d  by STEVE. T h is program
read s a paper ta p e  in to  th e  com puter and ch eck s  
i t  f o r  lo g g in g  o r  p a r i t y  e r r o r s .  On d is c o v e r in g  
an e r r o r  i t  sen d s a s u i t a b le  w arning m essage t o  
th e  VDU,
CLABS.SB W ritten  in  BASIC, t h i s  program c a lc u la t e s  th e  c l a s s i c a l
a b so r p tio n  and v e lo c i t y  o f  sound in  ga s m ix tu r e s ,  
from e q u a tio n s  2 .2 - 1  and 2 .4 - 2 ,  a t  fo u r  tem p eratu res  
2 9 3 , 4 7 3 , 673 and 1073°K fo r  any m ixtu re  p e r c e n ta g e .
The su b r o u tin e  a t  l i n e  530 c a lc u la t e s  th e  m ix tu re  
v i s c o s i t y  w h i l s t  th e  su b r o u tin e  a t  l i n e  680 c a lc u la t e s  
th e  therm al c o n d u c t iv ity  and th erm al d i f f u s i v i t y  
v a lu e s .  The d a ta  in  l in e s  960 t o  1070 i s  f o r  n l^ -A r  
m ix tu r e s .
TRANS.SB T h is BASIC program perform s th e  tr a n sfo r m a tio n s  in
e q u a tio n s  2 .4 -1 0  and 2 .4 - 1 1 .
RVT.SB T h is BASIC program perform s th e  r e v e r s e  o f  t r a n s ­
fo rm a tio n s TRANS.SB.
-  1 5 0  -
MOLSGB
PLOTSGB
AXISGB
EXPTLSGB
W ritten  in  FORTRAN t h i s  program c a lc u la t e s  th e  
m o lecu la r  a b so r p tio n  and v e lo c i t y  d is p e r s io n  from  
e q u a tio n s  2 .4 - 8  and 2 .4 -9  g iv en  by Cj” , ,  Tj"
and t2” and w r it e s  th e  d a ta  t o  d is k  f i l e s  ADATA and 
VDATA.
T his FORTRAN program rea d s  th e  d a ta  in  ADATA and 
VDATA and d r iv e s  an X-Y p l o t t e r  t o  produce p lo t s  as  
in  f ig u r e s  7 .1  t o  7 .1 3 .
T h is FORTRAN program draws t o  Log-Lin a x es  used  in  
f ig u r e s  7 .1  t o  7 .1 3 .
T h is FORTRAN program i s  used  t o  p u t th e  e x p e r im en ta l  
p o in t s  oil th e  graphs drawn by PLOTSGB and AXISGB.
-  1 5 1  7
STEVE Oh' 8 5 / 8 3 / 7 6  AT i i . 4 6
BEGIN
REAL ( 3 )  D# F.  XI# XN# Q# Cl# C2# C3# C4# C5# Kl# K2# K3# K4# K5#
21# Z2# Z3# 281 #  Z82# Bl  # B81 ,  Z83# El #  E8# S2 .  S82#  Nl # N0;
INTEGER N# OP# RUN# TE# I# J# K. YR# MN# BY# HR# HT# SC#
INTEGER C2)  P R;
STRING <1> ST;  STRING C7 0 )  TITLE;
LAPEL L B 2 8 # L 5 3 8 ;
EXTERNAL PROCEDURE TREAD# GTIME;
POI NTER P# PU# P 4;
EASED REAL <3> XR1, XR2 . XR3 # XR4 ;
ALLOCATE ( P # 2 4 8 3 ) ;  ALLOCATE < P U # 1 2 8 8 ) j  
P 4 : = P + 1 2 0 8 i
OPEN ( 1 .  - $TTO">i OPEN < 2 t - f T T I " > ;  OPEN( 5# * FLPT">;
WRITE Cl# "I S  O/ P TO BE ON LINE PRINTER AS WELL AS VBU? C1 5 >"t
■< 11 X I  I X  11 >Y FOR YES  * ) #
READ <2# S T)  # O P : “ IF S T = ■Y“ THEN 5 ELSE 8;
WRITE Cl# -"WRITE TITLE <70  CHARACTERS ft AX. >< 1 5> * > ; READ <2# T I T L E ) ;  
WRITE <1# "ENTER DI SP.  CAL. FACTOR. C1 . 1 6 2 1 2 ) . . .  " ) ;
READ < 2# D > # IF D = B . 0  THEN B . = 1 . 1 6 2 1 2 ;
WRITE Cl >"ENTER F REQUENCY. . . .  " ) i READ C 2 # F ) i  
I F 0 P = 5 THEN WRITE C 5 # " < 1 4 > " > ;
RUN .• =0 * F : = F /  1 6 8 8 .  01 
LB 18 RUN : =RUN ♦ 1 #
WRITE Cl , - RUH NUMBER , # R U N # " . . .  ' ) ;  READ C 2 . N ) ;
IF H >3 THEN RUN.=N#
WRITE Cl# -ENTER TEMPERATURE. . .  • ) ;  READ C2#TE>;
WRITE Cl# "ENTER PRESSURE...............  * >;  READ C 2# PR) J  '
CLOSE C l ) ;
TREAD CP# N) ;
OPEN C1#* * TTO") ;
IF N<8 THEN GO TO LB58;
FOR I . =3 STEP 3 UNTIL 3 * N - 6  DO 
BEGIN
CPW+ I ) - ) X R 1 . =ABS<< CP4 + I - 3 > - > X R 2  + C P 4 M * 3 ) - > X R 3 ) / 2 .  8 - CP4 + 1 > - > X R 4 ) ;  
< P * I ) - > X R i .  =<P+I  ) - > X R l * D * 1 5 .  8 ;  •
END#
P - > X R i . = P - > X R 1 * D + 1 5 . 8 ;
C P * 3 * N - 3 ) - > X R l . =  CP + 3 * N - 3 ) - ) X R l * B M 5 .  0 ;
K. *1 i
GTI ME CYR# MN# DY# HR, MT# S C ) ;
LB2 8 :  WRITE C K # T I T L E # - C 1 5 > - ) ;
OUTPUTCK# *<15>RUN ft#* AT f t * . * # . # #  ON f t # / # # / # f t<1 5 > < 1 3 > " #
RUN# HR# MT# SC# MN# BY# YR) ;
WRI TE CK# -  H I NPUT VALUES AMPLI TUDES D I S P L A C E H E N T S C 1 5 > *t
’ < 11 >< 1 1 X 1  1 X  11 X I  1> CH. H X 1 5 X  1 5 > - ) ;
OUTPUT CK#-  8 . 0  - f t * .  #*< 11 X I  I X  11 >< 1 1 > * # .  * # # * <  15>"#
P 4 - > X R 1 * 8 . 8 0 5 # P - ) X R 2 + 8 . 8 0 8 0 5 ) ;
J .  = - l ;  '
FOR I . =3 STEP 6 UNTIL 3 * N - 9  DO _
BEGIN 
J .• = J  +2;
OUTPUT C K # * # * * . *  - # * . # #  f t * * . # * #  f * .  # # * * < 1 5 > “ #
J * 8 . 5 + 8 . 8 5 #  < P 4 + I ) - > X R l + 0 . 88 5# <PW + I ) - > XR2 + 8 .  3 8 8 5 #  CP♦ I ) - > XR3 + 8 . 0 8 0 8 5 )  
OUTPUT C K # * # * * . *  - # # . # #  f t # # . # # #  « « . * « * « <  1 5 > a t
J * 8 . 5 * 3 .  55# < P 4 U * 3 > - > X R l  + 8.  005#  < P U + I + 3 > - >XR2+8.  8 8 8 5 #
C P + l + 3 ) - > X R 3 + 9 . 8 8 0 3 5 ) ;
END;
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L830
d : * J + 2 #  I : = 3 * H - S ;
IF CN/ 2) *2<>N THEN 
BEGIN
OUTPUT C K # * l l t - l  - # # . * #  I I I . #11 # * . # # # # <  15) "#
J * 8 . 5 + 3 . 0 5 #  < P 4 + I ) - > X R l + 8 . 335#< PW + I >- > XR2 +3 . 8 3 8 5 #  CP + 1 > - > XR3+ 3 . 3 8 8 3 5 ) i 
OUTPUT < £ # " * « « . »  - * * . * # <  11 X l l X l l X l l ) * * .  * * i # < 1 5 > " #
J * 8 .  5 + 3.  55# C P 4 + I + 3 ) - > XR l + 6 .  8 85# <P + 1 + 3 > - > XR2+ 8 . 8 8 8 8 5 ) ;
END ELSE
OUTPUT C K# * * # ! . #  - # l .  ##<1 i X l l X U X * .  # # # * <1 5 >" #
J* 3.  5+8 .  85# C P 4 + I + 3 ) - > X R l + 8 .  885# <P + I+ 3 ) - > X R 2 + 8 . 8 0 8 3 5 ) ;
IF 0P=5 AND K= 1 THEN BEGIN K. = 5 ;  GO TO LB2B# END;
Cl .  = C2 = =C3= =C4==C5.  =8.  8;  N1. =N# N 8 « = N l - 2 . 8 ;
X1: =P- >XR1;  XN: = CP + 3 * N- 3 ) - > XRi ;
K t : = X1+XN» K2: =X1~2+XN~2 j K3 . = CXI *8 . 5)  ♦ < XN*8.  5*N I )  i
K4 : = < N 1 + 1 > * 0 . 5 #  K5: =8.  25 + <Nl *8 .  5 ) ~ 2 ;
FOR I , « l  STEP I UNTIL N- 2  DO 
BEGIN
XI : =LNCCPW+I *3 ) - >XR1) # X N : = < P + I * 3 ) - ) X R 1 ;  Nl  
Cl . - =C1+Xl ;  C2: SC2+X1*'2#
K 1: = K1 ♦XN# K2:=K2+XN~2;
C4:=C4+Q;  C5 . =C5*Q~2;
END;
N1. =N# K4:=K4+C4;
21:  =N8*C3- C4*C1;
22 .  =N8*C5-C4"’2;
81.- = 2 1 / 2 2 ;
2 3 : =N3 *C2- C1 ~2;
S 2 : =C2 3 - 8 1 * 2 1 > / < N 8 * C H 8 - 2 . 8 ) ) ;
El : =SQRTCABS<S2 ) * H8 / ABS<Z2) ) ;
=1# Q : = H 1 * 8 . 5 * 8 . 5 ;  
C3: = C3 +X1 *QI 
K3-. =K3+XN*Q;
K5: =K5+C5;
=N1*K3-K4*K1;
= N1 *K5-tC4'“2#
= 2 8 1 / 2 8 2 ;
=N1*K2- K1~2;
S02-- = C 2 3 3 - B 8 1 * 2 8 1 ) / C H l * C N l - 2 .  8>>;  
E0 . =SQRT<ABS<S8 2>* H1 / ABSCZ8 2) ) ;
281
202
B81
233
K « = 1 # C 1 : = B 8 1 * F #  C 2 : = E 8 * F #• C 3 . = B 1 / B 8 l #  C 4 . = E 1 + E B ;  
IF K*5 THEN WRITE C5# ■ < 1 5 > < 1 5 > ■ > ;
TEMPERATURE * # t t < I 5 > " #TE>)
PRESSURE = # i f  *S # < 15) " # PR) ;
* * # # $ « . # #  K H 2 < 1 5 > " # F ) ;  
* « . * » « « #  ERR t .  * 1 1 # #  NH<15>"#
FREQUENCY
WAVELENGTH
OUTPUT C K# "
OUTPUT <K#“
OUTPUT <K#■
OUTPUT CK#“
B8 1 + 0 . 0 0 8 0 0 5 # E 0 + 8 . 8 0 3 8 8 5 ) ;
OUTPUT CK#"
C l + 0 . 0 8 8 0 5 , C 2 + 0 . 8 8 3 0 5 ) ;
OUTPUT CK#" ABSORPTION COEFFICIENT = - i . f t i M i * # #  ERR # . t # # # t # # i  /WLC15)"#
B l * 3 . 0 0 0 3 0 8 3 0 5 # E1 + 8 . 0 8 0 3 0 3 0 0 5 ) ;
OUTPUT CK#"
C 3 + 0 . 0 8 8 0 8 0 3 0 5 # C 4 + 0 . 8 8 8 0 0 3 8 0 5 ) ;
IF K=5 THEN WRITE C5#"C14>") ;
IF 0P=5 AND K=1 THEN BEGIN K: =5;  GO TO LB38;
LB58:  WRITE Cl#"TYPE F TO F I N I S H . . .
IF ST< >*F " THEN GO TO LB10;
CLOSE C l ) ;  CLOSE C2>; CLOSE < 5 ) ;
END;
VELOCITY = # # * # . # # « #  ERR t . l # # #  H/ SC15 ) "#
« - * . # # # * « * # *  ERR i . i i f i l i l f  / HM<15>“#
END)
*>;  READ < 2 # ST) ;
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TREAD ON 0 5 / 8 9 / 7 6  AT 1 1 . 4 8
PROCEDURE TREAD <PO#N>;
VALUE PO; POINTER PC; INTEGER Hi 
BEGIN COMMENT:
P O . . .  POINTER TO 2 4 8 0  WORDS
N  INTEGER RETURN NUMBER OF READINGS;
POINTER P# PT# PI# PD; BASED INTEGER XI# X2# X3# X4,  X5;
BASED REAL ( 3 )  XR1#XR2;
BASED STRING ( £ 8 0 0 )  T# INTECER I#D#K#S#CK#NPOL#OPOL;
LABEL LB55;
ALLOCATE < P # 4 0 e 8 > ;  OPEN < 4 # * * P T R " ) #  BYTEREAD < 4 # P # 8 8 B B > ;  CLOSE C4> 
ALLOCATE <PT#5># ALLOCATE ( P D # 5># OPEN < l # " * T T O " ) ;
N : = I . * - 1 ;  CH: =2 0 #  K : = 7 9 ? 8 i .  P I : = P 0 + 1 2 8 8 #  P O- > XRl .  = 8 .  8# OPOL.  * 8 ;  
LB3 8 .  N , * N * l ;
L B5 8 ,  I , = 1 + 1 ;
IF I > 7 9 8 8  OR I >JC + 1 8 THEN GO TO LB5 6 ;
IF SUBSTR <P- >T# ! > < > * + *  AND SUBSTR < P - ) T #  D O " - "  THEN GO TO L B 5 8 ;
D: = ASCII  <P- >T# 1 - 3 )  ;
D.  = IF D> 12 8  THEN D - 1 7 6  ELSE D - 4 8 ;
IF D O B  AND D< >4 THEN 
BEGIN WRITE (1# ' ILLEGAL CHANNEL NUMBER. N= ■ # N # " < 1 5 > " > ;
N: = - i ; GO TO L B5 5 ;  END; ; .. ____
IF D=CH THEN 
BEGIN WRITE (1# "CHANNEL ERROR! N= " # N# "< 1 5 > “ >;
N . = - 1 ;  GO TO LB5 5 ;  END;
CH: = D; ( PT + C H ) - > X 1 : =B;
NPOL. = IF SUBSTR < P - > T # I ) = " + "  THEN I ELSE - 1 ;
FOR S . =1 STEP 1 UNTIL 4 DO 
BEGIN
D: = AS C I I  C P - > T # I + S ) ;
D: = IF D > 1 28  THEN D - 1 7 6  ELSE D- 4  8;  . .
IF D<0 OR D >9 THEN 
BEGIN WRITE <1#*DATA ERROR! N* • # N # " < 1 5 > " ) ;
N . = - 1 ;  GO TO LB5 5 ;  END;
<PD + S ) - > X l «  =D;
END;
< P T + C H ) - > X 1 : = < < PD + 1 ) - > X 2 * i 8 3 8 + < P D + 2 ) - > X 3 * 1 8 8 +  
< P D + 3 ) - > X 4 * 1 8 + ( P D + 4 > - > X 5 ) * N P 0 L ;
I : = 1 + 6 ;  K : =1 ;
IF CH = 8 THEN GO TO LB50;
I F  NPOL=OPQL THEN BEGIN URITE <1# * POLARITY ERROR! N* * # N # " < 1 5 > " > ;
N: = -  I ; CO TO LB55;  END;
OPOL:=H?OL;
< P 0 + H * 3 ) - > X R i : = P T - > X 1 ;
< P I + N * 3 ) - > X R 1 . = ( P T + 4 ) - > X l ;
GO TO L 8 3 8 ;
L B 5 6 ■ I , = K . =0 ;
IF P O- > XR1 = 0 . 0  THEN 
BEGIN N : = N - 1 ; K . = 3 ;
END;
LB3:  < P O + I ) - > X R l : = ( P O + I + K ) - > X R 2 / 1 0 8 . 0;
< P I + I ) - > X R 1 , = < P I + I ) - > X R 2 / 1 8 0 . 8;
I . = 1 + 3 ;
IF I < N* 3  THEN GO TO LB3;
LB5 5 .  CLOSE ( 1 ) ;  FREE <P>;  FREE <P T) ;  FREE < P D) ;
END;
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CL A BS . SB  OH 8 5 / 8 9 / 7 S  AT 1 1 . 5 1
3 8 1 8  PRINT "CLASS. SB THIS FRCGRAM CALCULATES CLASSICAL ABSORPTION AND"
8 3 2 8  PRINT "VELOCITY IK MIXTURES OF HYDROGEN AHD ARGON AT 4 TEMPERATURES"
8 8 3 8  MAT READ A i 4 # 4  2 « B C 4 # 4 3 # C C 4 # 4 ] # B E 4 » 2 3 # E E 4 # 4  3# KC4 # 4 3
8 8 4 8  MAT READ HE 4 3# Tf 4 2
8 8 5 8  LET K l = . 8 3 5 9 4 4
8 8 6 8  LET K 2 = . 8 3 2 3 1 6
8 6 7 0  LET P I  = 3 .  1 4 1 5 9
8 6 8 8  LET C l = 2 8 . ? 8 2 1
e 8 9 e  LET R1 = 3.  3 1 4 3
8 1 8 e  PRINT "ENTER HOLE-FRACTION OF ARGON"#
8 1 1 8  INPUT XI 
8 1 2 8  LET X2 = 1 -XI
9 1 3 8  PRINT "T BEG K I . . .  2 9 3 .  2 . . . 4 7 3 #  3 . .  6 7 3 #  4 . . .  1 8 7 3  ( I NPUT 1 2 3 OR 4 )  
8 1 4 8  INPUT J
8 1 5 8  IF J >4 THEN GOTO 8 1 3 8
8 1 6 8  IF J<1  THEN GOTO 8 1 3 8
8 1 7 8  IF <J - I H T ( J ) X >8 THEN GOTO 0 1 3 9
8 1 8 0  PRINT "ENTER F / P  RATIO HHZ/RTN"#
8 1 9 8  INPUT F9  
9 2 8 8  PRINT  
8 2 1 8  PRINT
0 2 2 0  LET F 9 = F 9 * 9 . 8 6 9 2 3  
8 2 3 8  LET H= ,11*X1+M2*X2  
8 2 4 0  LET C2 = HEJ3*8.  3 4 9 4 4  
8 2 5 0  LET C=C1*X1+C2*X2
8 2 6 8  LET G = l + R l / ( ( C l - R l ) * X l + ( C 2 - R l ) * X 2 )
0 2 7 0  LET V = SGR(G*R1*TC J 3 / J O
0 2 8 8  PRINT " " # "HIRSCHFELDER"#"HOGERVORST"
8 2 9 8  PRINT * * # * = s sees a x * ■ t * t s s a a n s c a a *
8 3 8 8  PRINT  
0 3  18 PRINT 
8 3 2 8  G0SU8 0 3 3 8  
0 3 3 8  GOSUB 8 6 8 8  
8 3 4 0  PRINT
0 3 5 8  PRINT " ABSORPT IOH "#
8 3 6 8  FOR 1=3  TO 4
8 3 7 8  LET X9 = ( G- 1 > * SE I 3*Ji /C
8 3 8 0  LET Y 8 = ( H 2 - M l > / M + < G - i > * U t  I 3/ ( G*Xl *K2)
0 3 9 3  LET Y9=X1*X2*G/2 * D D JI - 2  3 * Y3 ' ' 2 / Y' ' 2  
8 4 8 8  LET V 1 = 2 * P 1 ~ 2 * <4 * U C I 3 / 3  + X9 +Y9 >* F 9 / G  
8 4 1 8  PRINT V I,
8 4 2 8  NEXT I 
8 4 3 8  PRINT 
8 4 4 8  PRINT
0 4 5 8  PRINT "VELOCITY",  V# V
8 4 6 0  PRINT .
8 4 7 8  PRINT 
8 4 8 0  PRINT 
0 4 9 8  GOTO 0 1 8 8  
0 5 0 8  PRINT 
0 5 1 8  PRINT 
8 5 2 0  GOTO 0 1 8 8  
8 5 3 8  LET M5 = 5 . 4 5 5 9 9  
0 5 4 0  FOR 1=3 TO 4
8 5 5 8  LET E5=EC J# I I ~ 2 / ( E C  J# 1 3*EC J# 2 3)
8 5 6 8  LET E6=EE J# 13 / EE J# 1 3 + EC J# I 3/EE J# 2 3
8 5 7 0  LET K5=3*AC J # I  3 / 5
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3 5 2 3  LET 2 5 = K 5 *  (X i ~ 2 * M 1 / M2 + 2 * X i * X 2 *  ( M 5 + E 6 - 1 > + X2' ‘2 * K2 / H 1 )
8 5 5 8  LET Y5 = K5* ( X 1 ~ 2*M 1 /  ( EC J# 1 3*M2> * MS* E5 * 2 * X 1 * X2/ EE J# I 3 * X 2 ~ 2 * M2 / ( E E  J# 23*M1>>
0 6 0 3  LET X 5 = X 1 ~ 2 / E C J , 1 3 + 2 * X l * X 2 / E E J # I 3 + X 2 ~ 2 / E E d # 2 J
8 6 1 8  LET U C I 3 = ( 1 + 2 5 > / < X5+Y5>
8 6 2 8  LET UCI3=UC I 3 * l E - 0 7
8 6 3 8  NEXT I
8 6 4 8  PRINT ■ VI SCOSITY "# UC 3 1,  UC 4 3
0 6 5 3  PRINT
8 6 6 0  PRINT
8 6 7 8  RETURN
0 6 8 0  LET H6 = 8 . 9 3 1 9 8
8 6 9 0  LET M5 = 5 . 4 6 5 9 9
0 7 8 0  FOR 1 =3  TO 4
8 7 1 8  LET A5 = 4 * ACJ # I  3 / 1 3
0 7 2 9  LET B 5 = ( 1 2 * B C J ,  I 3 / 5  + D / 1 2
8 7 3 8  LET U4 = A5*( M5*( KCJ#  I ] /KC J# 1‘3+KC J# I 3/KC J# 2 3 > - l > - B 5
0 7 4 8  LET U3=A5*K5*KC J# I 3 ~ 2 / ( KE  J# I3*KC J# 2 3 ) - 3 5 - 5 * H 6 * (  12*BE J# I 3 / 5 - 5  > / <  1 6*AC J# I 3 >
0 7 5 8  LET U2 = A5 - B5 * H2 / M1 + M6
8 7 6 8  LET U 1 = A 5 - B 5 * M1 / M2 + M6
8 7 7 8  LET Z 5 = X 1 ~ 2 * U 1 + 2 * X 1 * X2 * U4 + X2 ~ 2 * U2
8 7 8 0  LET Y5=X1*' 2*U1/ KCJ# 1 3 + 2 * X l * X 2 * U3 / KC J #  I 3 + X 2 ~ 2 * U 2 / K C J # 2 J
8 7 9 8  LET X5 = X1 ~2 / KCJ #  1 3 + 2 *X 1 * X2 / KCJ # I  3 + X 2 " 2 / K E J # 2 3
0 8 8 8  LET SCI 3 = ( 1 + Z 5 > / ( X5 + Y 5 >
8 8 1 8  LET SC I 3 = S CI  3 * . 1
8 8 2 8  LET SCI 3=SCI 3 * ( Xl ' * 2  + X2~2  + 2.  8 3 9 * X 1 * X 2 >
9 8 3 8  LET S4 = 18 . 4867*KC J# I 3/KC J# 1 3+1 . 7 8 0 3 7 / A C  J# I 3 - 1  •
0 8 4 0  LET S 5 = .  5 2 5 2 3 5 * KC J# I 3/KC J# 2 3 - 3 5 .  2 7 5 3 / AC J# I 3 - 1
8 8 5 8  LET UC I 3=X 1 * X 2 * ( S 4 * X 1- S 5 * X 2 > * ( 6 * CC J# I 3 - 5 > / ( 6 * K C  d# I 3 * ( X5 + Y5 >  >
8 8 6 8  NEXT I
9 8 7 0  PRINT "THERMAL"
8 8 8 8  PRINT * CO NDUCT IV I TY "# SC 3 3# SC 4 1
8 8 9 8  PRINT
8 9 0 0  PRINT "THERMAL"
8 9 1 0  PRINT " DI FFUSI VI TY" # UC3 3 # UC4 1
8 9 2 0  PRINT
8 9 3 0  PRINT "RATIO OF"
8 9 4 8  PRINT "SPEC.  HEATS"# G# G
9 9 4 1  PRINT "CP = * JC
0 9 4 2  LET C9=C/ G  
8 9 4 3  PRINT "CV="JC9  
8 9 5 8  RETURN
0 9 6 8  DATA 1 .  894# 1.  109# 1.  1# 1 . 1 8 2 #  1.  097#  1.  114# 1.  1 0 6 # 1 .  109
0 9 7 0  DATA 1 .  132# 1.  119# 1.  11# 1.  112# 1.  1 0 8 .  I .  125# 1.  116# t .  11 9
0 9 8 8  DATA 1 . 109# 1.  89 1 #  1.  892#  1 . 091# 1.  09 3 #  1 . 094# 1.  0 9 1 #  1.  0 9 1
0 9 9 0  DATA 1 . 091# 1 . 095 #  1.  894#  1 . 8 9 4 ,  1.  891#  1 . 095# 1 . 095 #  1.  8 9 5
1 8 0 0  DATA . 3 9 5 5 . . 9 4 3 1 #  . 9 2 8 8 , . 9 3 4 7 , . 9 2 1 8 # . 9 4 6 3 #  . 9 4 1 3 #  . 9 4 3 3
1 8 1 0  DATA . 9 3 4 7 #  . 9 4 7 5 #  . 9 4 5 1 #  . 9 4 5 9 ,  . 9 4 2 9 #  . 948 3 #  . 9 4 6 9 #  . 9 4 7 5
1 0 2 8  DATA 7.686# 7 . 526,  7 . 292,  16. 831,  31. 155# 38.23# 67.619# 65. 667
1 8 3 8  DATA 2 2 2 #  88# 93# 9 1 # 328#  12 1,  1 32# 1 2 8
1 8 4 0  DATA 422 #  153# 1 6 7 ,  161# 579#  288# 227#  2 2 8
1 8 5 8  DATA . 1733#  1 . 7 8 3 ,  . 7 5 4 9 #  . 7372#  ! 25# 2 .  47# 1 . 846#  1.  8 4 1 4
1 0 6 0  DATA . 3 2 0 4 .  3 .  16# 1.  3 1 8 7 #  1 . 2 7 6 3 #  . 4 3 7 9 ,  4 . 53# 1 . 7 8 5 2 #  1.  7 2 9 7
1 0 7 0  DATA 3 .  464# 3 .  466#  3.  477#  3 .  52# 293#  473# 673#  1 8 7 3
1 8 8 8  NEXT I
1 0 9 0  PRINT FI LEC13
1 1 0 8  RESTORE
1 1 1 0  LET K=K*18
1 1 2 0  CLOSE FI LEC1 3
1 1 3 8  DATA 1# . 9 8 #  . 9# . 8 #  . 5 # .  2 # .  1# . 0 2 # 0  
1 1 4 0  STOP
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TRANS. SB ON 0 5 / 0 3 / 7 6  AT 1 1 , 5 2
3 3 1 2  PRINT ‘ TRAMS. S3  THIS PROGRAM TRANSLATES BEST FIT VALUES OF RELAXATION TINE AND*
0 2 2 2  PRINT "RELAXING SPECI FI C HEAT FROM EXPERIMENTAL DATA TO PHYSICAL VALUES. *
0 8 3 8  PRINT 
8 8 4 3  PRINT
0 8 5 8  PRINT "ENTER C 1 , C 2 ,  T 1 , T 2 ,  FROM BEST FI T*
0 3 6 0  PRINT " C l * * ;
8 0 7 0  INPUT Cl
0 8 8 8  PRINT " C2»* i
0 0 9 0  INPUT C2
8 1 8 8  PRINT " T l * * l  .
8 1 1 0  INPUT T 1
0 1 2 8  PRINT " T2»* J •
0 1 3 8  INPUT T2
0 1 4 0  PRINT "EHTER CP AND GAMMA*
8 1 5 0  PRINT *CP = * t 
0 1 6 8  INPUT C 
8 1 7 8  PRINT "GAMMA** i 
0 1 8 0  INPUT G 
8 1 9 8  LET C*C/ G 
8 2 8 8  LET A = C U C 2  
8 2 1 8  LET D=C-A 
822e LET A 1 = < C - C 1 > / B  
8 2 3 8  LET A 2 = < C - C 2 > / B  
8 2 4 8  LET A3 = C1*C2/ D' *2
8 2 5 8  LET T 3 = ( A 2 * T l  + A l * T 2 > / 2  + < S Q R ( ( A 2 * T l - A l * T 2 ) ' ‘2 + 4 * A 3 * T l * T 2 ) } / 2  
0 2 6 8  LET T 4 » ( A2 * T 1 + A1  * 7 2 > / 2 - < S Q R <<A 2 * T 1 -A 1 * T 2 > ~ 2  + 4 * A 3 * T 1 * T 2 >>/ 2  
8 2 7 8  LET B = <C1 * T 1 + C 2 * T 2 > / < 1 - A / C >
0 2 8 8  LET C 3 = ( B - A * T 4 ) / ( T 3 - T 4 )
8 2 9 8  LET C 4 = ( B - A * T 3 > / < T 4 - T 3 )
0 2 9 1  PRINT  
0 2 32  PRINT
0 3 6 8  PRINT "TAU 1 = " ; T 3 , " T A U  2 * " ; T 4  
8 3 1 8  PRINT " C 1 = " ; C3 , *  C2 = " ; C4
8 3 2 8  STOP
6 3 3 8  PRINT " C l ' ' * " ; C 3 , " C 2 ' ' « " ; C 4  ,
0 3 4 0  STOP
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RVT. SB ON 6 5 / 0 3 / 7 6  AT 1 1 * 5 2
3816 PRINT “RVT.S3 CHANGES C l ' . C 2 ' , T1 , T2 TO Cl * ' * C2' T l ' T2# *' 
3826 PRINT
3833 PRINT -
ft ft A ft DD TUT
6558 PRINT “ENTER C l ' / C 2 ' ,  T1,T2"
8 6 6 8  PRINT “ C l ' » " ;
8 6 7 8  INPUT Cl  
8 6 8 8  PRINT " C 2 ' * " i  
8 0 9 3  INPUT C2 
0 1 0 3  PRINT “ T l * * i 
81 18 INPUT Tl  
8 1 2 0  PRINT “ T2=">
8 1 3 8  INPUT T2 •
0 1 4 0  PRINT “ ENTER CP AND GAMMA"
8 1 5 8  PRINT “ CP=“ *
8 1 6 8  INPUT C 
8 1 7 8  PRINT “ GAMMA*"t  
8 1 8 8  INPUT G 
0 1 9 0  LET C=C/ G
0 2 0 8  LET A*C1+C2
8 2 1 0  LET D»C
8 2 2 8  LET A l = < C - C i > / J
8 2 3 8  LET A 2 = < C - C 2 ) / D
8 2 4 8  LET A 3 = C 1 * C 2 / D ~ 2
8 2 5 8  LET T3= (A 1 * T 1 + A 2 * T 2 > / 2  + <SGRC<A l * T 1 - A 2 * T 2 ) ~ 2  + 4 * A 3 * T l * T 2 > > / 2
3 2 6 8  LET T4 = CAl * T1 + A 2 * T 2 > / 2 - < SQR<CAl  * T 1 - A 2 * T 2 > ~ 2  + 4 * A 3 * T l * T 2 > > / 2  
8 2 7 8  LET B = <C l » T 1 + C2 * T2 ) *<1 -A/ C>
9 2 8 8  LET C 3 = C 8 - A * T 4 ) / ( T 3 - T 4 >
9 2 9 3  LET C4 = C B - A * T 3 > / < T 4 - T 3 >
8 3 9 0  PRINT 
8 3 1 0  PRINT
8 3 2 0  PRINT “ T I "  = “ ; T3,  “ T2'  ' * “ *T4  
8 3 3 0  PRINT “ C1** = “ ; C 3 # “C 2 ' ' = “ #C4 
8 3 4 9  STOP
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SGLSG3 GH 3 5 / 0 9 / 7 8  AT 1 1 : 4 3
DIMENSION P V ( 1 8 2 4 > , P A < 1 0 2 4 >
CALL FG?ch' <8,  "VBATA*)
CALL FGPEKCl , "ABAT A* >
ACCEPT "Cl  = ", C l ,  "C2 * ",  C2,  " T l  * " , T 1 ,  "T2 * ", T2 ,  "V0 * " , V 8 , " C P  « ", C,  
1 " GAHNA = " , G 
R = ( 1.  6 - 1 .  5 / G ) / ( C / G - C l - C 2 >
DO 8 4 8  1 = 1 , 1 8 2 2  
RI =I
8 * 2 .  0 * 3 . 1 4 1 5 9 * E X P ( R 1 / 2 2 1 .  9 > * 1 E 6  
R 1 = C 1 / C 1 . 8 + U * * 2 * T l * * 2 >
R 2 = C 2 / ( 1 . 8 + U * * 2 * T 2 * * 2 >
V2 = V8 * * 2 *  < 1.  8 * - R * W * * 2 * ( R l * T l * * 2 + R 2 * T 2 * * 2 > >
V = V 0 * * 2 / V 2
A = V * 3 . 1 4 1 5 9 * R * U * < R1 * T1 + R2 * T2 >
PA <I > = A 
PV < I ) *V2  
8 4 0  CONTINUE
CALL WRBLKC0, 8,  PV,  8 ,  IER>
CALL URBLKCl ,  8,  PA,  8,  IER> . '
DO 9 0 8  1 = 1 0 8 ,  1 0 0 0 ,  1 8 8  
RI = I
F P = E X P ( R I / 2 2 1 .  9 )
WRITE ( 1 8 )  F P , P A ( I ) , P V ( I >
9 8 0  CONTINUE 
STOP 
END
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PLCTSGB ON 8 5 / B 9 / F 6  AT 1 1 . 4 9
DIMENSION P V < 1 3 2 4 ) , P A < 1 6 2 4 >
INTEGER X, Y
CALL FGPENCe. "VDATA*)
CALL F0 PEN<1 , ■ADATA")
CALL FTPEHUP 
CALL FTBI SP  
CALL FTCLEAR
CALL R2BLK( 1, 3, PA, 3, IER)
CALL RDBLK<8,  8,  PV,  8,  IER)
ACCEPT “ MAX V~2 = VMAX, “MIN V ~ 2 = “ , VWIH 
S = 7 7 4 . 8 / < V K A X - V MI N >
CALL FTAPLOT< 8,  9 ,  1 ,  1 )
DO 108  X = 1 5 , 1 0 2 8  
Y = < P V < X ) - V M I N ) * S + . 5  
1 = 8
I F ( X . L T . 2 8 . O R . X . G T . 1 0 8 0 )  1*1  
CALL FTAPLOT ( X,  Y, I ,  1 )
1 8 0  CONTINUE
ACCEPT “ MAX ABSORPTION*", AHAX 
CALL FTAPLOT< 8# 8 ,  1 ,  1 )
DO 2 0 8  X= 1 5 , 1 0 2 0  
Y= P A < X> * 7 7 4 . 0 / AMAX* .  5 
1 =  0
IF ( X . L T .  2 8 .  OR. X. CT.  1 8 8 8 ) 1  = 1 
CALL FTAPLOT< X, Y,  1 , 1)
2 0 0  CONTINUE
CALL FTAPLOTC 8,  0 ,  1 ,  1 )
CALL FTPEHUP 
CALL FTCLEAR 
STOP 
END
-  1 6 0  ~
AXISGB OH 8 5 / 8 3 / 7 6  AT 1 1 : 4 9
DIMENSION I V < 1 3 2 4 ) , IA < 1 6 2  4 >
INTEGER X, Y
CALL FOPEN <8,  “VDATA* >
CALL FGPEN < 1 , “ADATA* >
CALL FTPEHUP
CALL FTDISP
CALL FTCLEAR
PAUSE SET 2ER0
CALL FTAPLOT< 1 0 2 2 ,  7 7 4 ,  1 ,  1>
PAUSE CALIBRATE 
CALL FTAPLOT < 8,  8 ,  1 ,  1>
DO 18 X = 8,  1 8 2 2  .
CALL FTAPLOT(X,  8 ,  8 ,  1>
18  CONTINUE
DO 28 Y = 8,  7 7 4
CALL FTAPLOT< 1 8 2 2 ,  Y, 8 ,  1>
2 8  CONTI HUE
CALL FTAPLOT <8,  8 ,  1,  1>
DO 30  Y=8,  7 7 4
CALL FTAPL0T<8,  Y , 8 ,  1>
3 8  CONTINUE
DO 48  X=3,  1 8 2 2
CALL FTAPL0T<X,  7 7 4 ,  8 ,  1>
4 8  COHTIHUE
DO 5 8  1=2,  9  
R 1 = I
X= AL0 G< RI > * 2 2 1 .  9 * .  5 
CALL FTAPLOTCX,  8 ,  1 ,  1>
CALL FTAPLOT<X, 18,  0,  1 )
5 8  CONTINUE
CALL FTAPLOT< 5 1 1 , 0 ,  1 , 1 )
CALL FTAP L0 T<5 1 1 ,  2 8 ,  8 ,  1 ,  1 )
DO 60  1 = 2 8 , 9 0 , 1 8  
R 1 = I
X=ALOG(RI)  * 2 2 1 .  9 + . 3 
CALL FTAPL OT < X, 0 ,  1 ,  l >
CALL FTAPLOKX,  18 ,  0,  1>
6 8  CONTINUE
DO 70  1 = 8,  1 6 ,  2
Y = 4 3 * I
CALL FTAPL0T<8,  Y, 1 ,  1 )
CALL FTAPLOK 18 ,  Y, 0 ,  1 >
7 8  CONTINUE
CALL FTPENUP
ACCEPT “ NUMBER OF DI VI S I ONS  IN ABSORPTION AX1 S = “ , JNUM 
DO 80  1=1,  4
Y = ( 7 ? 4 / J H U t 1 ) * I  + . 3 •
CALL FTAPLOT< 1 0 1 2 ,  Y, 1 ,  1 )
CALL FTAPLOT< 1 0 2 2 ,  Y, 0 ,  1>
8 0  CONTI HUE
CALL FTAPLOT<0,  8 ,  1,  1 )
CALL FTPENUP
STOP
END
-  1 6 1  -
EXPTLSGB ON 0 5 / 6 9 / 7 6  AT 1 1 : 5 0
INTEGER X, Y
CALL FTPENUP
CALL FTBISP
CALL FTCLEAR
ACCEPT * HAX Y ^ * " ,  VXAX
ACCEPT "KIN V~2 = " , VNI N
ACCEPT "KAX ABSORPTI ON* ", AHAX
S = 7 7 4 . 0 / < VNA X- VMI N>
1 ACCEPT "F / P * • , F
I F < F.  EC. 8 ) G 0  TO 6 
I F < F.  LT.  I .  8 >G0 TO 1 
ACCEPT "ALPHA*", A 
ACCEPT "VELOCITY*", V 
X = ALOG ( F ) * 2 2 1 . 9 * . 5  
I F C X. GT. 1 8 2 2 )  GO TO 4 
I C* 0
Y = A* 7 7  4 . 0 / AMAX* . 5 
GO TO 3
2 Y = < V * * 2 - V M I H ) * S * . 5  
IC*1
3 I F< Y. GT. 7 7 4 )  GO TO 5
CALL FTAPLQKX,  Y, 1 )
CALL FTAPLOT<X,  Y, 0 )
CALL FTAPLQT< X, Y,  1 )
IF< I C - 1 ) 2 ,  1 , 2
4 TYPE "X OUT OF BOUNDS"
GOTO 1
5 TYPE "Y OUT OF BOUNDS"
GOTO 1
6 CALL FTCLEAR
STOP
END
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APPENDIX 3
CIRCUIT DIAGRAMS
The f o l lo w in g  c i r c u i t  diagram s are in c lu d e d  f o r  r e fe r e n c e  
p u r p o se s . They r e f e r  t o  th e  apparatus purpose b u i l t  f o r  t h i s  
i n v e s t i g a t i o n .
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APPENDIX 4
THE DIGITAL TRIGGER DELAY UNIT
The fo l lo w in g  i s  a r e p r in t  from th e  J o u rn a l o f  P h y s ic s  E V o l. 9 
(1 9 7 6 ) p p .1 047 -1049 .
A  digital  t r ig g e r  d e la y  unit  fo r  u s e  
in v a r ia b le - p a t h - l e n g t h  u l t r a s o n ic  
m e a s u r e m e n t s
S G Blacker
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Abstract A  digital trigger delay unit is described which 
automates coherent variable-path-length measurements of 
ultrasonic velocity and attenuation. The sampling gate of a 
boxcar integrator is delayed by the device in such a way 
that it always opens in the same time slot o f a progressively 
delayed received signal. The device has been used in the 
measurement of velocity and attenuation in gases.
1 Introduction
Williamson and Eden (1970) proposed a system for variable- 
path-length measurements of ultrasonic velocity and attenua­
tion in fluids, in poor signal-to-noise ratio conditions. This 
system has been used with success by several investigators: 
Garland et a/(1970),D’Arrigo et al (1971), Mueller et al (1972), 
Eden et al (1973), Garland and Pollina (1973) and Thoen and 
Garland (1974). It does however have one drawback, which is 
that an operator is required to keep the apparatus syn­
chronized all the time that the experiment is running. This 
makes single-handed running of the experiment unmanage­
able. The unit described here replaces this operator.
Briefly the Williamson and Eden system is as shown in 
figure 1. A tone burst gated from a 1 MHz sine wave generator
Synthesizer
Gate
Pu l s e
g e n e r a t o r
P ower
ampl i f ier
P h a s e
sh i f t e r
TX RX
> - s < H
Preampl i f i er
P Z T - 5  
t r a n s d u c e r s
C h a r t
r ec o r d e r
Trig,
t z  mod.
(CRO)
Trigger B o x c a r P S Dde l ay integra tor
Figure 1 Ultrasonic signal averaging system
is amplified and applied to the transmitting transducer. The 
bursts have a repetition frequency of ~  100 Hz. The received 
signal is amplified and fed into a phase sensitive detector ( p s d )  
which has the 1 MHz sine wave as its reference. The output of 
the p s d , the envelope o f the received burst, is monitored on an 
oscilloscope and sampled and averaged by the boxcar inte­
grator. The section of the envelope being sampled is displayed 
on the oscilloscope by brightening the trace via the z  modula­
tion input.
The output of the boxcar integrator, V, has the form
V= Vo e~ad sin (2mi/A) (1)
where a is the attenuation coefficient, d  the transducer separa­
tion and A the wavelength of sound in the medium separating
the transducers. A plot o f V as a function of d  determines both 
a and A. In our system this plot is obtained by moving the 
transmitter away from the receiver with a micrometer driven 
by a synchronous motor and by recording F  on a chart 
recorder. As the transmission path is increased the delay o f the 
boxcar sampling gate must be altered to ensure that the same 
point on the pulse is sampled, and it is here that the operator is 
needed. Each time the boxcar output passed through zero the 
experimenter manually increased the delay in the boxcar 
trigger by one half-signal period. This was very tedious and 
time consuming especially since many measurements of a and A 
were needed with as many as ninety zero crossings in each. The 
experiment had to be run single-handed, so this part o f the 
procedure was automated.
2 Principle employed
The transmission delay time of the tone burst can be written as
T  — rd/ A (2)
where r is the signal period of the sine wave making up the 
tone burst. Combining equations (1) and (2) reveals that V is 
zero for integral values of Tf2r. That is, for increasing d, each 
time the output voltage passes through zero the delay has been 
increased by one half-signal period. What is needed then is a 
device that will (i) delay the trigger pulses reaching the boxcar 
integrator by a whole number of half-signal periods and (ii) 
increase the delay by one more half-signal period each time the 
boxcar output voltage passes through zero (see figure 2). In 
this way the sampling gate will always open at the same time 
after the start of the received pulse.
Ref e r ence
Tr i gge r  in
Tr igger  out
a f t e r  0 zero c ross ings
After 1 zer o  crossing
After L, z e r o  c ross ings
Figure 2 Principle of phase delay
N o commercial unit was available that could readily 
perform both functions (i) and (ii), so a digital system was 
devised using t t l  integrated components; a schematic 
diagram appears in figure 3. Decade counter A  counts the 
number of zero crossings made by the boxcar output signal. 
An incoming trigger pulse toggles the flip-flop making its out-
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C o u n t e r  A
Figure 3 Schematic diagram of delay unit
put go low, releasing decade counter B which starts counting 
pulses from the ‘frequency doubler’, one pulse every half­
period of the reference signal. When the count on B becomes 
greater than that on A  the output of the comparator goes 
high, then goes low again giving a pulse at the trigger output. 
This pulse has been delayed, with respect to the incoming one, 
by the number of zero crossings counted on A times a half­
reference-signal period, fulfilling condition (i). The system 
remains in this state until the next incoming trigger pulse, when 
the process is repeated. The trigger pulse repetition frequency 
is such that the delay between incoming and outgoing trigger 
pulses is always less than the time between successive incoming 
pulses. When the zero crossing count is increased by one, 
counter B has to count one more ‘frequency doubler’ pulse 
before the comparator goes high, increasing the trigger delay 
by one half-signal period. This fulfils condition (ii).
3 Practical circuit
Figure 4 shows the circuit diagram of the digital trigger delay 
unit. The output of the boxcar integrator which has a ±  10 V 
swing is fed into a unity gain buffer (741) and then via a 
limiting and smoothing network to a high-speed voltage 
comparator (710). When the input to the 710 is positive with 
respect to ground its output is 3-2 V. When the input goes 
negative the output swings to -0 -5  V, switching at 0 Y input 
within a hysteresis o f 5 mV. The 710 output swing is t t l  
compatible but to ensure fast switching its output is passed 
through a Schmitt trigger to the next stage. This stage consists 
of an inverter and six n a n d  gates which trigger a monostable 
whenever the Schmitt trigger output changes state. When the 
feedback from Q shows that this change of state is complete the 
trigger pulse is turned off. The resulting output from Q is a 
pulse each time the output of the 710 changes state, i.e. each 
time the boxcar output passes through zero. These are the 
pulses which are counted by decade counter A.
The reference signal, a 5 Y peak-to-peak square wave 
derived from the reference sine wave used by the p s d , is 
conditioned by a Schmitt trigger and passed through an 
identical arrangement of gates and a monostable as used in the 
zero-crossing detector. The output at Q is a pulse train with 
half the period of the input square wave. The output of this 
section, the ‘frequency doubler’, is counted on decade counter 
B.
Decade counters A and B each consist of three SN7490 
counters connected in the decade counting mode with outputs 
in 8-4-2-1 binary coded decimal form which are compared on
5 V
2-2 k
2-2 kBoxcar
inpu t 710
100k 180k5 V
2-2k
Ref.
in p u t
5V<
1 G P 1 0 .  
T r ig g e r  L 
i n p u t 100
3 9 0 :
5V<
2-2k
Reset
D e c a d e  
c o u n te r  A
Reset Input 
Outpu t
S N 7 4 9 0
iA>
0— \ b
D e l a y e d  
t r i g g e r  o u tpu t
A = B  A - l  output A- ' S N 7 4 8 5SN 7 4 8 5'A<
SN 7 4 9 0D e c a d e
c o u n te r
Figure 4 Circuit diagram
three 4-bit magnitude comparators (SN7485s). Each compara­
tor has two sets of four data inputs plus A < B ,  A —B, and 
A > B  inputs and outputs. The magnitude information is 
cascaded through from the stage handling the least significant 
bits to the stage handling the most significant bits, with the 
A =  B input of the least significant stage tied to a high level. 
When the count on B is identical to that on A, in all three 
decades, the A = B  output of the most significant stage goes 
high. The trigger out and reset pulse is taken from this output 
since undesirable transients in the counter data outputs, 
which occur at certain changes of count, cause spikes at the 
A < B  and A > B  outputs of the comparators, which would 
reset counter B before its count was as large as that on A. 
Using the A =  B output does however present a problem when 
the count on A is zero, since B is always reset and no trigger 
pulses come out of the unit. This can be tolerated if the count 
of zero is ignored and the count started at one.
The incoming trigger signal is made t t l  compatible by a 
diode clamp and buffer circuit at the input. An S-R  latch 
(fSN74279) with inverters is used as an S-R  flip-flop to hold 
counter B reset. Each trigger pulse toggles the latch and 
releases the counter which is reset again when the comparator 
output goes high. Connecting the input of an inverter to 
ground with a press-to-make switch acts as a general reset for 
counters A and B. The trigger output is via an SN7407 buffer 
driver. Not shown in the circuit diagram are three 7-segment 
drivers and l e d s  which display the zero-crossing count held 
on A.
4 Operation
To make a measurement the transducers are brought together, 
the sampling gate is positioned on the envelope peak using the 
boxcar’s own manual trigger delay, the zero-crossing count is 
set to one, and the motor started; the system may then be left
1048
unattended. Unlike an analogue device the delay unit does not 
need to be calibrated for different sound velocities since the 
trigger delay time is automatically linked to the transmission 
delay time and will always be synchronized, provided that the 
boxcar output swing is never smaller than (or has noise greater 
than) the 5 mV zero-detector hysteresis.
The device has been used with the Williamson and Eden 
system for the measurement of ultrasonic velocity and 
attenuation as functions of temperature and pressure in gas 
mixtures. The accuracy obtained is identical with that using 
manual delay alteration, the difference being that operator 
error is eliminated and the experimenter is now free to monitor 
other aspects o f the experiment.
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